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„Das lebhafteste Vergnügen, das ein Mensch in 
der Welt haben kann, ist neue Wahrheiten zu 
entdecken; das nächste von diesem ist, alte 
Vorurteile loszuwerden.“ 
Friedrich II., “der Große”, preußischer König (1712 – 1768)
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Abstract 
The analysis of the small angel X-Ray and neutron scattering is an ideal tool for the discussion of the 
structure and interactions of submicroscopic particles. Herein, the variation of the scattering contrast 
enlarges the spectrum of information, additionally. As shown in the presented work, complementary 
probes give a detailed picture of the investigated systems. The focal point of the discussion is set on 
polyethylene nanoparticles and structures based on hyperbranched polyglycerol. The analyses 
provide, for instance, information on the mechanism that leads to an ideal arrangement of the non-
branched polymer chains during the formation of the platelet-like polyethylene nanoparticles. The 
amorphous phase exclusively hosts the redirection of the polymer chains into the crystalline domain. 
This allows the unimpeded chain diffusion. The effect of defects along the polymer chain on the 
particle structure was studied by the analyses of polyethylene with precisely placed methyl groups. 
Analyses of aqueous dispersions of hyperbranched polyglycerol reveal the fractal-like character of 
the global molecule structure. Additionally, the significant contribution of the molecule’s 
microstructure to the corresponding small angle scattering was considered. The analyses of 
molecules composed of the hyperbranched core and a complete functionalisation with bipolar chains 
profited from these results. Hereby, the molecule structure in polar and non-polar media was 
identified. In polar surrounding the formation of well-defined aggregates was described. This 
provides essential information for a further discussion of this type of molecules as drug delivery 
platform. 
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Zusammenfassung 
Die Analyse der Röntgen- und Neutronenkleinwinkelstreuung stellt ein ideales Werkzeug für 
Untersuchungen der Struktur submikroskopischer Teilchen und deren Wechselwirkungen dar. 
Hierbei eröffnet die Variation des Streukontrastes ein zusätzliches Spektrum an Informationen. Wie 
in der vorliegenden Arbeit gezeigt wird, kann durch die Verwendung komplementäre Verfahren ein 
detailliertes Bild der untersuchten Systeme erarbeitet werden. Im Fokus der Diskussion stehen 
Polyethylennanopartikel und Strukturen basierend auf hyperverzweigtem Polyglycerol. Die 
durchgeführten Untersuchungen liefern beispielsweise Rückschlüsse auf den Mechanismus, der zu 
einer nahezu idealen Anordnung unverzweigter Polymerketten, während der Bildung der 
Polyethylennanopartikel, führt. Im amorphen Anteil dieser plättchenförmigen Partikel findet 
demnach ausschließlich eine Richtungsänderung beim Wiedereintritt der Polymerketten in die 
kristalline Phase statt, wodurch eine ungehinderte Kettendiffusion möglich ist. Der Einfluss von 
Defekten entlang der Polymerkette auf die Partikelstruktur konnte durch Untersuchungen eines 
präzise verzweigten Polyethylens ermittelt werden. Bei weiteren Untersuchungen von wässrigen 
Dispersionen eines hyperverzweigten Polyglycerols konnte die übergeordnete Struktur als Fraktal 
beschrieben werden. Der signifikante Beitrag der Mikrostrukturierung des Moleküls zu dessen 
Kleinwinkelstreuung wurde in den Analysen berücksichtigt. Die Strukturuntersuchungen von 
Molekülen mit dem polaren hyperverzweigten Kern und einer nahezu vollständigen 
Funktionalisierung durch bipolare Ketten profitierte von diesen Ergebnissen. Hierbei wurde die 
Struktur dieser Moleküle in polaren und unpolaren Medien ermittelt. In einer polaren Umgebung 
wurde die Bildung von Assoziaten beschrieben. Dies liefert wertvolle Hinweise auf die Wirkungsweise 
als Wirkstofftransportsystem liefert. 
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1. Introduction 
Polymers represent one of the most important classes of synthetic products with a wide variety of 
applications [1,2]. Hereby, their versatile and tuneable properties can be generated by a large 
number of available low-molecular repeating units and different chain architectures [1,2]. 
Nevertheless, the important processes being the origin of their characteristic properties are still 
under intense discussion. This is not at least an issue of great importance inquired by the chemical 
industry for optimising manufacturing processes of common bulk polymers, for example. In fact, the 
relationship between the structure and the corresponding properties are of outstanding importance 
for complex polymer systems that are addressed, for instance, for medical applications. Hereinafter, 
two rather different polymer systems will be the focal point of investigation. This includes, on the 
one hand, a discussion of the structure of nanoparticles composed of polyethylene in the context of 
chain arrangements to form semi-crystalline nanoparticles. On the other hand, a core-multishell 
architecture was studied to reveal its spatial structure under different experimental conditions. 
The linking key for the investigations is the analysis of the small angle scattering (SAS) in combination 
with contrast variation. The conjunction with further complementary techniques reveals the 
morphological features of these rather different polymer structures. The variation of the scattering 
contrast due to the addition of contrast agents or the chemical modification of the probed structures 
became a common method for structural analyses in the sub-microscopic regime by SAS techniques 
[3,4,5]. Moreover, this discussion should prove that this combination is a versatile and likewise a 
powerful approach for a detailed structural analysis of the investigated nanoparticles. 
1.1. Nanoparticles of linear and precisely branched polyethylene 
Polyethylene (PE) is a common and omnipresent polymer in a variety of applications in everyday life. 
The straightforward production associated with low costs, excellent, and tuneable mechanical 
properties led to a market share of around 30 %, which amounts to a production of 60 million tons 
per year [1]. This benefits from the development of the Ziegler-Natta process using transition metals 
as catalysts [1,2,6]. This procedure allows the polymerisation of ethylene at mild conditions and 
opens up a variety of different polymer morphologies. Polyethylene has long been in the focus of 
academic research to gain understanding of the polymerisation process itself, but also on issues 
concerning the ordering of the polymer segments (Fig. 1) [7,8,9,10,11,12,13,14]. Highly ordered 
crystalline phases, along with amorphous domains hosting non or weakly ordered domains, govern 
the macroscopic properties of the polymer. The crystalline arrangement is assigned to interactions 
between the chain segments benefitting from van der Waals (vdW) interactions. Moreover, the 
thickness of the folded lamellae has an important impact on the melting properties of semi-
crystalline polymers, which are of great importance for different applications and manufacturing 
processes. The relation between the thickness of the crystalline lamella and the corresponding 
thermodynamic properties is described by the Gibbs-Thompson equation [12,15]. It has been used 
for the determination of the melting point of polymers in the thermodynamic equilibrium, which is 
not accessible by experimental methods. Additionally, the glass transition temperature, where the 
molecular mobility becomes arrested, can be extrapolated from an extension of this relation [16]. 
The polymer crystallites display an anisotropic growth at their crystallographic planes [17,18,19]. At  
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Fig. 1: Illustration of the suggested chain folding for a) high order crystallisation from solution, b) partially 
disordering, and c) recrystallisation from the melt [14]. The crystalline phase is represented by the orange 
region, whereas the amorphous phase is respectively symbolised by the grey domains. 
the crystal surface the formation of loops and entanglements leads to less ordered amorphous 
domains [13,14,20,21]. A maximum of the growth rate is observed for polymer crystals with a 
thickness near to the stability limit, as this is described by the Gibbs-Thomson relationship [15].  
During the last decade improvements of the emulsion polymerisation procedures using highly active 
Ni(II)-complexes [22,23,24,25,26] led to stable single nanoparticles of PE [27,28,29]. However, most 
of these synthetic approaches yielded multilamellar PE-particles [28,29]. Nanoparticles consisting of 
a single lamella were first discussed by Weber et al. [30] and were commented by Cheng shortly 
afterwards [16]. The nanoparticles with a platelet-like shape were studied using complementary 
methods of cryogenic transmission electron microscopy (cryo-TEM) and small angle X-ray scattering 
(SAXS) in conjunction with contrast variation. The nanoparticle formation was assigned to occur right 
after the catalytic polymerisation of ethylene in the aqueous solution. This process occurs under mild 
conditions of temperature and pressure in the confined matrix of emulsion droplets [28]. The 
crystallisation to thin lamellae was ascribed to the supercooling conditions of more than 100 °C 
below the melting temperature of the respective bulk material. Thin films that consist of these 
particles were studied using atomic force microscopy (AFM) [31,32], whereas the annealing of the 
dispersed particles was reported by Rochette and co-workers [33]. By means of SAXS analyses 
combined with contrast variation the particle structure and the thickening of the crystalline lamella 
due to a preceding temperature treatment was studied and discussed with respect to the 
observations made from the bulk material. Furthermore, this kind of particles is discussed in the 
context of metastability and can thus easily switch between one metastable state to another upon 
heating [34]. 
The macroscopic polymer properties can be tuned in an extended range by various chain 
microstructures, which are not at least of upmost importance for their large scale applications [1,2]. 
For instance, the crystallinity of the polymers is influenced by the chain branching to which recent 
attention was addressed [35,36,37,38,39,40,41]. From the acyclic diene metathesis (ADMET) 
polymerisation [1,42,43,44,45] a large number of polymers with a precise microstructure is 
accessible. To date, however, research was mostly focused on the corresponding bulk materials 
[35,36,37,38,39,40,41,46,47,48], whereas publications dealing with nanoparticles are seldom. The 
influence of the sequence length between the positions of the branches along the polymer backbone 
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branch size were intensively studied by Wagener and co-workers [35,38,40,41]. Moreover, the 
insertion of precisely placed carboxylic moieties along the chain was presented by Baughman et al. 
[48]. Prior to this, polymers with a random distribution of carboxylic groups forming 
thermoresponsive and stable surfactant-free nanoparticles were reported by Kryuchkov et al. [49]. 
Recently, nanoparticles with precisely placed carboxylic groups obtained by ADMET polymerisation 
were reported by the Mecking group [50]. 
1.2.  Core-multishell structures 
The development of new, high efficient and innovative drugs is one of the most important goals of 
science. Nevertheless, most of the recent pharmaceutical agents also require innovative ways of 
application to unfold their full medical activity. This often reduces the doses needed for the intended 
medical purpose, as well as the risk of potential harmful side effects. Direct targeting the site of 
action and the controlled release of the active compounds are just a few of the requirements to 
modern drug delivery systems [51,52,53,54,55]. For this reason, the development of innovative drug 
delivery agents is of the same importance as the development of new active compounds [55,56]. For 
this purpose, Haag presented the principle of dendritic core-shell structures acting as responsive 
nanocarriers for drug delivery applications [57].  
The current generation of liposome-like core-multishell (CMS) nanoparticles is built up from a polar 
core of hyperbranched polyglycerol (hPG). The core molecules are linked to linear chains composed 
of a hydrophobic C18-segment and a polar outermost monomethyl (polyethylene oxide) block (Fig. 2). 
Radowski and co-workers showed, with their studies on this kind of pseudo-dendritic scaffold 
architectures, that the first generation of CMS-molecules display a promising approach to proof the 
principle suggested by Haag [58]. By using different dye molecules as model guests, they observed 
the solubilisation of the dyes in their appropriate non-solvents. Furthermore, the influence of the 
 
 
Fig. 2: Schematic drawing of the chemical structure of a core-multishell (CMS) nanoparticle. The blue sections 
represent the hydrophilic regions within the molecule. The red coloured section represents the hydrophobic 
domain. 
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core sizes and the length of the aliphatic block were studied with respect to the uptake capacity of 
the host structure for polar and non-polar molecules. First general structural investigations were 
conducted using dynamic light scattering (DLS) and cryo-TEM. The size of the CMS-molecules was 
determined to be 5 nm to 10 nm. The structure size after the embedding of the guest molecules was 
found to be in the range between 30 nm and 50 nm. By means of surface tension measurements a 
critical aggregation concentration (CAC) could be observed during the encapsulation process. This 
was assigned to the formation of well-defined supramolecular aggregates.  
A number of reports concerning the potential application as a drug delivery system followed: Quadir 
et al. focused their studies on the transport properties of dye molecules and antitumor drugs [59]. 
Küchler et al. presented studies to the skin penetration ability of the CMS-structures [60,61]. The skin 
penetration of the current CMS-nanocarrier system was studied by electron paramagnetic resonance 
(EPR) spectroscopy by Haag et al. [62]. Wolf and co-workers embedded opioids and studied the 
effects using CMS-molecules in in-vitro wound healing models [63]. CMS-nanocarriers were also 
tested for their transport properties of copper ions [64]. Bio-available copper is discussed as playing 
an important role in the treatment of accompanying symptoms of Alzheimer’s disease (pathological 
plaque). Current in vitro tests of CMS-nanocarriers confirmed their non-toxicity to living cells. All 
studies agree on the point that CMS-structures based on hyperbranched polymers could enhance the 
transport and the availability of potential active agents in future pharmaceutical applications. 
Another feature of the CMS-structures was studied by Keilitz and co-workers [65,66,67,68]. They 
reported the formation and stabilisation of noble metal nanoparticles by CMS-molecules and tested 
subsequently their catalytic activity. Furthermore, the CMS-system was used as a template phase for 
the formation of porous silica, loaded with catalytic active platinum nanoparticles [69].  
 
Fig. 3: Schematic structure of a conformer of the hyperbranched polyglycerol (hPG) building block 
(Mw ≈ 10 kg mol
-1
, nOH = 137). This conformer structure was used for complementary molecular dynamic 
(MD) simulations.  
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The hyperbranched polyglycerol (Fig. 3) being the major building block of the investigated CMS-
carrier system is on its own in the focus of various studies. Unlike dendrimers, having a well-defined 
molecular architecture deriving from a step-wise growth from a central core molecule, 
hyperbranched molecules can be generated in a one-step polycondensation of ABf monomers 
[70,71,72,73]. Although hyperbranched molecules exhibit a less perfect structure, these molecules 
do display certain similarities in the manner in which they are obtained for dendrimers,. They benefit 
from the absence of chain entanglements, a large number of end group functionalities, as well as a 
globular structure [70,72]. The high degree of functionality allows the design of molecules with a 
diversified spectrum of properties and therefore versatile applications [74,75,76,77,78]. Especially, 
pharmacological applications were discussed [79,80,81,82,83]. The concept of the polycondensation 
of monomers with a multiple functionality was already introduced by Flory [84]. A corresponding 
particle scattering factor for the hyperbranched structures based on principles from polymer 
statistics was developed by Burchard [85,86]. However, only a few studies on the structural 
characteristics of hyperbranched polymers using small angle scattering methods (SAS) were available 
so far [87,88,89,90]. Moreover, the authors failed to model the observed small angle scattering in 
necessary detail. The comprehensive report by Burchard and his colleague could reveal the globular 
and microscopic structure of a hyperbranched structure using the combination of small angle 
neutron scattering (SANS) experiments and molecular dynamic (MD) simulation [91].  
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2. Motivation 
Despite of various studies on polymer morphologies undertaken in the last decades, the processes 
taking place during the formation of ordered domains are still under discussion. The analyses of bulk 
polymers were mostly accompanied by undesired side effects, such as multilamellar phases being 
embedded in an amorphous matrix [13,14], for example. The growth of polymer single crystals was 
another challenge. Using suspensions of single crystal nanoparticles avoid some of these 
concomitants. Thus, further understanding of the crystallisation process itself is obtained. The 
current generation of semi-crystalline nanoparticles composed of linear PE is seen as highly useful to 
attain further insight into the process of chain folding within a polymer crystallite [30,33]. The 
synthesis of these particles in a low-temperature process using a novel Ni(II)-complex as catalyst led 
to PE that consists of virtually non-branched chains. Therefore, the nanoparticles formed by such 
ideal PE were supposed to have excellent crystalline properties. In this context, the thickening of the 
crystalline lamellae due to the annealing of the nanoparticles at different temperatures will be 
discussed in more detail. Of particular interest is the guiding function of the amorphous phase 
wherein the polymer chains fold and re-enter the crystalline phase. Further investigations will focus 
upon the microstructural characteristics of the nanocrystals.  
Polymers having a precise branching along their backbone are seen as a further step towards a 
deeper understanding of the crystallisation process. As these polymers carry precisely placed defects, 
the influences on the chain folding and on the formation of crystalline domains is of particular 
interest. Based on the prior studies on bulk materials [35,36,37,38,39,40,41,46,47,48,92,93,94,95] 
the synthesis of corresponding stable nanoparticles was encouraged. Semi-crystalline nanoparticles 
were obtained in a secondary dispersion polymerisation of precisely branched monomers, 
synthesised by the ADMET procedure [42,43,44,45]. In our specific case, this procedure yields a 
polymer carrying methyl groups at every 21st carbon along the backbone.  
Apart from the various reports on the properties and potential applications of the CMS-architecture, 
no studies are available at the moment dealing with a comprehensive structural analysis of the CMS-
nanoparticle system. For this reason the spatial structure and the structural changes under different 
experimental conditions are of upmost interest. These will provide insight into the  
 
   
Fig. 4: Suggestions for the structure of the CMS-molecule dispersed in a polar (a) and in a non-polar medium 
(b). The hydrophilic polyglycerol core and the outermost polyethylene oxide shell are blue coloured. The 
region of the joining hydrophobic alkyl segments is coloured in red.  
a) b) 
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processes that allow the system to be solubilised in polar and non-polar media equally (Fig. 4) and 
which also play an important role during the embedding of guest molecules in the host structure. The 
interactions of the CMS-particles with lipid membranes and the corresponding transport mechanism 
have not been fully understood to date. Due to this fact, the major goal of this discussion is a detailed 
structural analysis of the structure of CMS-nanoparticles. An improved understanding of these issues 
will help gain insight into the mechanism guiding the transport and release process of guest 
molecules in the context of a potential pharmaceutical application. Moreover, this will benefit the 
development of future CMS-molecule generations towards a responsive drug delivery system. 
Furthermore, the routine presented for the comprehensive structural analysis might lead to the 
reduction of cost-intensive pharmaceutical studies on new active structures and agent delivery 
systems to a minimum. In addition, the structure attributes of the hyperbranched polyglycerol being 
the scaffold of the CMS architecture are of particular interest. The structure will be discussed in the 
context of the recent developments in the analyses of hyperbranched polymers using scattering 
methods in combination with theoretical calculations [91]. 
The analysis of structural characteristics of particles in the submicrometer regime requires suitable 
methods. In this context cryogenic sample preparation techniques used for electron microscopy were 
at first applied for issues questioned by bio scientists [96,97,98]. This method became as well a 
frequently used tool as a complementary probe for the analyses of synthetic colloidal samples 
[99,100,101]. It takes advantage of probing the native state of the analysed specimen due to the 
extreme supercooling by a plunge freezing process. This inhibits the appearance of artefacts and 
damages due to the freezing process itself. The application of imaging techniques in combination 
with small angle scattering is considered a highly suitable approach for the analyses of polymer 
nanoparticles. This method was already successfully applied in the analysis of semi-crystalline latex 
particles [102]. Furthermore, the combination of SAS and contrast variation provide detailed insight 
into the structure of polymer nanoparticles [5,30,33,102]. This method was also used by different 
authors to analyse the structure of dendritic molecules and their specific interactions 
[103,104,105,106,107,108,109,110,111,112]. By probing the atom nuclei during a SANS experiment, 
changes within a structure element can be analysed. For instance, this provides access to the location 
of guest molecules within a host structure formed by CMS-nanoparticles. To gain insight into the 
crystalline microstructure of the polymer nanoparticles, the analyses of the corresponding wide 
angle diffraction (WAXD) will be discussed as well [113]. 
The combination of scattering experiments along with imagining techniques and complementary 
methods has been verified as a versatile and powerful approach for the analysis of structures on the 
nanoscopic scale. The discussion will demonstrate that comprehensive structural studies are highly 
relevant for the understanding of the corresponding properties of the analysed molecules. This 
becomes especially important in the complex context of pharmaceutical applications.  
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3. Theory 
3.1. Scattering in soft matter science 
Scattering techniques are useful tools for probing the structure of matter. The analysis of the 
respective small angle scattering is a method frequently used in order to study structures and 
phenomena in the size domain between several Angstroms and the micrometre regime. This involves 
various colloidal species like micelles, polymers and liquid crystals as well as gel networks and the 
large class of nanocomposite materials [4,114,115,116]. 
The general setup of a small angle scattering experiment is illustrated in Fig. 5. In this section, the 
basic components will be discussed in a general way [3,4,114,117]. The classical SAS-setup consists of 
a radiation source, a monochromator, collimation elements, the sample, and the detector. The 
common X-ray source for lab applications is the copper target equipped X-ray tube emitting the 
characteristic K- radiation [114,117]. Nevertheless, synchrotron sources gain more importance for 
modern scientific issues, due to offering a broad wavelength spectrum, low angular divergence, and 
high photon flux [114,117]. Neutrons are generated by a fission reaction in a nuclear reactor or by 
the bombardment of heavy metal targets with accelerated protons [114]. The monochromator 
processes the emitted radiation to a single wavelength or narrow distributed bands of wavelengths. 
For X-rays this could be realised by the reflection on single crystals [117], whereas for SANS setups 
velocity selectors [114,118] or chopper arrays (refer to section 4.1) are used. The optical profile of 
the beam is defined by a subsequent collimation trough variable guide elements, slit or pinhole 
optics [114,117,118]. The irradiated area of the sample is provided by the sample aperture. The 
sample environment for small angle scattering experiments is versatile and depends on the sample’s 
properties and scientific issues. Simple liquid cells, used for basic analyses, are complemented by 
sample environments designed for extreme temperatures or pressures, as well as for electric or 
magnetic fields. For the sake of absolute calibration, information on the intensity of the incident 
radiation is needed as well. Therefore, monitor elements measuring the incident flux are located in  
 
 
Fig. 5: Scheme of the general setup of a small angle scattering experiment. 
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front of the sample. The incident radiation is characteristically scattered by the investigated 
specimen and is measured with a position sensitive detector located at a certain distance from the 
sample. The detection of neutrons and X-rays differs in certain ways. In a nuclear reaction of 
neutrons with 3He gas, charged particles are generated that can be detected at the detector 
electrodes [114,118]. The X-ray photon detection follows a similar principle as incident photons are 
able to ionise rare gas molecules like Argon or Xenon [114,118]. This process leaves a trail of charged 
and therefore detectable particles. An alternative for the detection of neutrons is provided by 
scintillation detectors, equipped with a 6Li doped glass matrix [114,119]. Here, photons are 
generated by the incident neutrons, which can then be measured by photosensor elements.  
3.2. General terms of the scattering theory  
The scattering mechanism of neutrons and X-rays is quite different, but the general ideas concerning 
the interference of scattered waves are in both cases the same. Thus, the general principles will be 
outlined in the following section. The basic consideration will take some general assumptions into 
account [3,4]: 
1. The incident radiation is monochromatic and coherent. 
2. The magnitude of the wave vector is not changed during the elastic scattering process. 
3. In order to fulfil the interference condition, the incoming and the scattered wave have a 
defined phase relation.  
4. The scattered and interfering waves are detected in a far distance from the scattering 
centres. Therefore, a plane wave front is assumed. This is known as the Fraunhofer-
approximation.  
5. The Born-approximation assumes that within the studied isotropic system the incident 
plane wave is only scattered once. Multiple scattering is not considered. 
The scattering of the incident wave takes place at individual scattering centres. The relative position 
of the individual scatterers is provided by a radial distribution function. The scattering length density 
(SLD) distribution  (r) is the direct link to the structure of the probed sample.  
   
i
ii brρrρ  (1) 
Herein, bi is the scattering length of the different species embodied in the sample and their density 
distributioni(r) with respect to the number of individual scatterers per volume unit. The scattering 
length quantifies interaction between radiation and matter. It is characteristic for the different 
scattering specimen and the radiation. The average scattering length density of a sample with a 







  (2) 
Here, Vm is the molar volume, accessible via measurements of the macroscopic density of the 
sample. Further details on the scattering of neutrons and X-rays are provided in the appendix.  
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Fig. 6: Schematic drawing of a basic scattering geometry. The incident plane wave ( ik

) is scattered at Xi and 
Xj. A spherical wave ( sk

) propagates into the direction of  Due to the path difference of the scattered 
waves interference takes place. The scattering intensity is detected in a certain distance on the detector 
plane within an area defined by the solid angle . 
The simplified scheme in Fig. 6 illustrates the basic scattering geometry. The detected scattering 
intensity results from the interference of the scattered waves propagating from the different 




The scattering vector q

 is defined by the following relation and describes the momentum transfer 




















 = 2 -1) is the modulus of the incident wave vector with the wavelength  and sk

is the 
one of scattered wave. The enclosed angle is called the scattering angle . For an elastic small angle 
scattering experiment only the magnitude of the scattering vector is considered, which is related to a 
length in the reciprocal space. In the following discussion it will be assigned the unit nm-1. For the 
summation of the individual scattered waves  between incident and scattered waves has to be 
taken into account and is provided by formula (4) [3]: 
ijijsiji rqrkrk

  (4) 
The total amplitude of the three-dimensional Fourier transform of  (r) of the scattering ensemble is 
provided by [4]: 






  33 
   (5) 
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Herein, the vector r

results from jiij rrrr

 . This relation takes into account that the integration 
is done over the total scattering volume V. 
The detector signal correlates with the absolute squared amplitude of the scattered wave. The 
differential scattering cross section is an adequate quantitative expression for the ratio between 
incident and scattered radiation [4].  














3*    
 
 (6) 
Here,  defines the cross section, which represents the fraction of the scattered radiation from the 
incident one. The area where the phenomenon is observed in a certain distance to the scattering 
centres is defined by the solid angle . The experimental access to differential scattering cross 
section is provided by the number of events on the position sensitive detector with respect to the 
incident number of photons or neutrons. The bracket notation ...  refers to the thermal average. 
For randomly oriented isotropic scatterers and for spherical symmetry, Debye established the 
following relation employing the magnitude r of the vector r

[4,120]: 












   (7) 
Until this point, only single objects non-affected by their surrounding matrix have been discussed. 
Hereinafter, an object with a homogeneous scattering length density bp embedded in a continuous 
surrounding and with a scattering length density bm will be considered. The difference between the 
scattering powers arising from the particle and the matrix is called the scattering contrast b. Thus, 
equation (6) in combination with the Debye formula (7) can be written as [121]: 



















  (8) 






  (9) 
Herein, I0(q) displays the scattering intensity of a single particle and F(q) is the particle form factor 
describing its corresponding spatial geometry. For specimen with an inhomogeneous scattering 
length density distribution, as for instance in case of core-shell architectures, the particle scattering 
factor has to be expressed as a function of the scattering contrasts. 
3.3. Scattering of particles in solution 
Considering that N particles are dispersed in a continuous volume V equation (9) is completed by the 
particle number density and gives an expression with the unit of an inverse length. In the following 
discussion, the unit cm-1 will be used. 
   qFΔb
V
N
qI 2  (10) 
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Fig. 7: Scheme of the radial distribution of particles in concentrated dispersion. The graph displays the 
corresponding radial correlation function g(r). 
The simplest case is limited to single scatterer within a matrix or for high dilution. This approximation 
assumes that there is no correlation between the positions of the particles and thus there is no phase 
relation between the scattered waves. Increasing the number density causes a spatial correlation and 
the scattered waves interfere. The correlation of the dispersed particles is provided by the structure 
factor S(q) [4]. 
     qSqFΔb
V
N
qI 2  (11) 
The spatial correlation between the individual scatterer Xi and Xj, which are connected by the vector 
ijr

, can be written as follows [3]: 






















Here, g(r) is the pair correlation function. This aspect leads to the final summarising equation 
describing the basic scattering aspects of a small angle scattering experiment:  
     qSqFΔbVqI P
2  (13) 
Here,  is the volume fraction and VP the respective particle volume. 
In summarising this important section concerning the basics of the scattering theory, one can 
conclude as follows: The geometry of the probed particles can be described by the form factor F(q). 
The spatial correlation between the individual particles is described by the structure factor S(q). The 
observed scattering intensity is thus proportional to product of the form factor and the structure 
factor, whereas the form factor is related to the Fourier transform of the scattering length density 
distribution (r) of the probed structure. The corresponding transformation of S(q) leads to the pair 
correlation function g(r). For dilute systems the structure factor becomes unity. 
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3.4. Scattering at small scattering angles 
The analysis of the scattering intensities at small scattering angles  is useful in obtaining general 
model independent information on the investigated structure. It reveals the radius of gyration RG, 
which is a measure for the density distribution around the centre of mass [3,4]. It can also be used 
for the determination of the particle volume VP. Both values together allow drawing basic ideas on 
the geometry of the probed specimen. Equation (14) is known as the Guinier-equation [3]: 




























qΔbVqI   (14) 
The approximation is restricted to the following assumptions: 
1) The relation is only valid for small scattering angles to fulfil RG·q << 1. 
2) An isotropic system without inter-particle interactions is considered. Thus, the structure 
factor becomes unity. 
3) The particles are randomly oriented and isotropically distributed.  
From the linearised Guinier-equation, RG can be extracted from the slope of the function correlating 
with squared magnitude of the scattering vector, whereas the intercept reveals the forward 
scattering intensity I(q → 0). The respective plot of q2 vs. ln [I(q → 0)] is commonly known as the 
Guinier–plot. 
The correlation between the radius of gyration and the dimensions of a few common geometrical 
bodies can be calculated as follows from [122]: 









RG   (16) 






  (17) 
3.5. Contrast variation 
Contrast variation analysis is a powerful tool for revealing the particle shape and inner structure 
[4,5,117,123,124]. In general, this method uses a variation of the analyst’s scattering length density 
or of the surrounding matrix. Neutron scattering, for instance, takes advantage of the great 
difference between the coherent scattering lengths of hydrogen and deuterium. By means of a 
simple exchange of a certain amount of hydrogenated solvent by its respective deuterated 
equivalent, it is possible to cover a large range of scattering contrasts for the analysis of liquid 
suspensions [114]. This general idea is illustrated in the scheme provide by Fig. 8. The analysis of the 
scattering intensities at different scattering contrasts is thus a frequently employed procedure to 
gain additional information on structural characteristics of the investigated species (Fig. 8 a), b), c) ). 
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Fig. 8: Scheme illustrating the principle of contrast variation for structural analysis. The structure of a core-
shell particle having different scattering length densities within the different parts of the particle  
(bc – SLD-core, bshell-1 – SLD-shell 1, bshell-2 – SLD-shell 2) can be analysed by the variation of the scattering 
length density of the surrounding matrix bm. The scattering length densities are illustrated by different 
shades of grey. The corresponding scattering length density profile is illustrated below.  
A contrast match can be realised by adjusting the matrix scattering length density bm to the 
requested one of the probed structure. Thus, case a) represents the core-match conditions with 
bm = bc, whereas cases b) and c) show the shell-match conditions, where either bshell-1 or bshell-2 is 
equal to bm. The case of infinite contrast (b = ± ∞) is illustrated in Fig. 8 d). Here, only the particle 
shape contributes to the scattering intensity, whereby the information arising from the inner 
structure vanishes. In order to obtain independent information on the shape and the inner structure 
of a particle, the scattering intensities, measured during a contrast variation series, are decomposed 
into contrast dependent and contrast independent terms. Through an extrapolation to infinite 
contrast, the particle shape function )(rT

 can be extracted. This correlates with the radial 
distribution function of a particle with a homogenous scattering length density bP (Fig. 8 c) ). For this 
reason, there are two limiting cases. The measure )(rT

 provides 1 only within the particle or 0 
elsewhere. Therefore, )(rT

 is directly connected to the particle volume VP and can be assigned to the 








The average scattering length density of the particle bP is provided by:
 
 












The decomposition of the local scattering length density  rb

 into a contrast dependent and 
independent term reveals [125]:  
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          rbrTbrbrTbrb mm

  (20) 
The second term of equation (20)  rb

  depicts the radial difference of the scattering length density 
to the average value bP. It has to be considered that: 







Hereinafter, the normalisation of the scattering intensity to the one of a single particle I0(q) will be 
considered. A more general expression is provided by [3]: 





















The intensity I0(q) can be decomposed into [5,117]: 
       qIqIbqIbqI ISIS 
2
0  (23) 
Here, IS(q) is the contrast dependent shape-term. Scaling with the squared contrast, it is also the 
leading term of the decomposition. The scattering contribution deriving from the particles inner 
structure is provided by the contrast independent inner-term II(q). The second contrast dependent 
term is the cross-term ISI(q).The corresponding relations follow [5]: 

















   sin
 (24) 






































The analysis of the scattering intensities at vanishing q-values, obtained from measurements at 
different scattering contrasts, reveals model independent parameters. The extrapolated forward 
scattering intensity I(q → 0) at different scattering contrasts b is used for the determination of the 
particles average scattering lengths density bP and their respective volume VP [117]. 







In this case, VP results from the squared slope of the linear function, whereas bP is provided by a 
function of its intercept. This correlation is commonly known as the ‘square root’ relation. 
Moreover, form the absolute scaled scattering intensity extrapolated to vanishing scattering angles 
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Herein,  is the macroscopic mass density of the molecules and c its respective concentration. An 
extrapolation for infinite dilution revealing I0(q) can be used for the calculation of the weight 
averaged molecular weight of the probed specimen by analysis of its respective forward scattering 
intensity using equation (14).  
The correlation between RG and b can be used for the extrapolation of the respective radius at 
























   (30) 







  (31) 
















  (32) 
Here, RG∞ is provided as a function of the slope from the linear correlation. The respective intercept 
reveals the parameter  that is a measure for the spatial distribution of inhomogeneity within the 
analysed species. A positive value of  is an evidence for an increased scattering length density of the 
exterior parts of the particle, whereas a negative value indicates an increased scattering length 
density around the particles centre. The value of  is related to the squared distance between the 
centre of gravity of the shape function )(rT

and the internal inhomogeneity )()( rbrT

  that vanishes 
for centrosymmetric structures [5]. 
3.6. Polydispersity 
Analyses of polymer samples must take polydispersity aspects into consideration that, for instance, 
arise from molecular mass distributions. The obtained scattering intensities however are summation 
of all individual scatterers of the probed sample and therefore display the average of the analysed 
specimen. This has a certain influence on the analysis of scattering data, which can lead to a loss of 
information on structural characteristics (Fig. 9). To a certain extent, polydispersity can be considered 





00 ),(),,(),( dRRqIxRRGRqI poly  (33) 
Here, R0 represents the mean value of the distribution, whereas x characterises the distributions 
width. The influence of the polydispersitiy on the scattering and the corresponding size distribution is  
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Fig. 9: a) Scattering intensities simulated for spheres with a radius of R0 = 10 nm. The coloured lines 
represent the corresponding scattering intensities of polydisperse spheres assuming a logarithmic normal 
distribution of 2 % (red curve) and 10 % (green curve) of R. b) The corresponding size distribution of R. 
illustrated in Fig. 9 using the example of a homogeneous sphere. It is therefore clearly demonstrated 
that a broadening in the size distribution leads to a significant smearing of the scattering intensities. 
Conclusively, this could lead to a controversy interpretation of the scattering data using different 
geometrical approaches. 
Common distribution functions are the Log-normal and the Gaussian or Normal distributions, which 































































  (35) 
Here, R is the half-width of the Gaussian function and LogNorm describes the standard mean 
deviation from R0 in the LogNorm-distribution. 
a) b) 
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4. Time of Flight Small Angle Neutron Scattering 
The rapidly growing need for the analysis of scientific issues in the sub-micrometre regime especially 
from soft matter science intensified the development of new and innovative SANS instrumentation 
[115,127]. Herein, the requested issues range from probing large spatial structures simultaneously 
with small specimen being several orders smaller, over kinetic analyses, or to the studies on the 
influence of external fields on the sub-microscopic arrangement. Furthermore, spallation sources like 
the European Spallation Source (ESS) planned in Lund (Sweden) are dealt as the future alternative to 
reactor based sources providing neutrons for science. Spallation sources use accelerated protons for 
the bombardment of heavy metal targets for the generation of thermal neutrons [114]. This process 
is commonly pulsed and therefore requires adapted techniques and instrumentation. 
The time of flight (TOF) method employs a neutron spectrum with respect to the neutron velocity, 
which is related to the time the neutrons need to travel along a certain distance. Therefore, the 
corresponding neutron wavelength is determined by their respective time of flight. TOF-SANS does 
not only support pulsed sources, it also represents an alternative for the classical monochromatic 
instruments at reactor based neutron sources [128]. Here, the pulsed neutron beam is generated by 
a set of choppers. The TOF-technique opens up different advantages. In contrast to the classical SANS 
setup using velocity selectors for the definition of narrow distributed wavelengths, with the TOF-
method variable wavelength bands can be used. This enlarges the accessible momentum transfer 
adjusted to the experimental requirements. Additionally, the commonly compact design of  
 
 
Fig. 10: Experimental setup of the very small angle neutron scattering instrument V16-VSANS at the BER-II 
reactor of the HZB in Berlin (Germany). 
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TOF-SANS instruments reduces the influence of the neutron gravity effect. So far, this effect had to 
be carefully considered at the classical SANS-setups for the longest sample-detector distances [129]. 
Nevertheless, neutron TOF-experiments demand excellent resources for the data acquisition as the 
amount of data obtained by a single experiment is large in comparison to the data amount obtained 
from the classical monochromatic setups.  
In this section, the TOF-SANS instrument V16-VSANS at the BER-II neutron source in Berlin (Germany) 
will be introduced in more detail. The instrument is especially developed for the analysis of issues 
from soft matter science. The abbreviation VSANS stands for very small angle neutron scattering 
implying an accessible q-range of 8 > q > 10-4 nm-1. The instrument has a total length of just 32.45 m 
and is located at the NL4C neutron guide behind a supermirror coated multichannel bender. The final 
cross section at the entrance to the instrument is 80 x 80 mm2 emitting an average neutron flux of 
8.5·107 cm-2 s-1. The general experimental setup is illustrated by the scheme illustrated in Fig. 10. The 
major instrument-axis pointing towards the neutron source is named x-axis. The horizontal direction 
is represented by the y-axis and consequently the vertical direction is provided by the z-axis.  
4.1. Wave band definition 
The cold “white”! neutron spectrum emitted from the BER-II reactor is processed by a set of four 
choppers to the experimental requirements (Fig. 11). The first two choppers are located right behind 
the instrument entrance at 20.35 m and 20.325 m in front of the sample having an opening aperture 
of 1 = 11.1° and2 = 22.2° respectively. They can be operated in parallel and anti-parallel rotation 
mode. The combination of these two choppers allows tuning the pulse length, momentum transfer 
resolution, and neutron flux available at the sample. By setting the first chopper as pulse chopper, 
the generation of short pulses with good time resolution t / t is realised and thus the resolution in  
 
 
Fig. 11: Schematic drawing of the chopper setup for the wave band definition located in the casemate. 
Chopper 1 (-20.35 m) and chopper 2 (-20.325 m) act as pulse chopper. Chopper 3 at -19.85 m is used to avoid 
frame overlap. At 12.40 m the waveband chopper is located defining the transmitted waveband. 
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the momentum transfer q / q is enhanced. This can even be improved by combining chopper 1  
and 2. This option is of special interest for samples having fine structured scattering patterns. Even 
so, the number of available neutrons at the sample is low and therefore it is challenging to 
investigate weakly scattering samples in a limited time frame with the needed accuracy. Using 
chopper 2 for the generation of the neutron pulses, yield longer pulses with an increased number of 
available neutrons. Thus, this is the option of choice for weakly scattering samples without 
significantly structured scattering patterns, as this is the case for polymer coils, for instance. The 
rotation frequency  of the pulse chopper thus defines the available waveband frame provided by 
min and max. At the same time, the pulse choppers set the starting time for the determination of the 
individual TOF of the transmitted neutrons. The pulse length can be tuned from 0.62 to 1.24 ms 
operating the choppers with a respective speed of up to 3000 rounds per minute (rpm). To tailor the 
generated neutron pulse, chopper 3 located at 19.85 m and chopper 4 at 12.4 m in front of the 
sample are used (Fig. 11). Their respective opening apertures are 3 = 16.72°and 4 = 60.0°. Chopper 
4 in is called waveband chopper which defines the widths of the transmitted waveband and 
therefore the position of min and max. To avoid the overtaking of slow neutrons by fast neutrons of 
the following pulse, chopper 3 serves to cut off the neutrons with high wavelengths of the previous 
pulse. This so-called frame overlap would lead to falsified TOF-correlations and must therefore be 
very carefully avoided. A monitor element counting the neutrons after passing the chopper array is 
located right behind the waveband chopper at ≈ 12.4 m. The monitor signal is used for the 
normalisation of the neutrons counted by the detector. 
Hereinafter, the generation of neutron pulses with well-defined properties will be discussed in a 
theoretical context. The transmitted neutron velocity spectrum N() is normalised with respect to 
the number of incident neutrons N0(). It can be expressed as a function of the transmission of the 
individual choppers Ti (, si) and thus can be written as: 
 































  (36) 
Here, the total number of choppers to be passed is Nc, whereas K* is a normalisation constant. 
Furthermore, si is the respective distance of the individual choppers to the pulse source. For setups 
using a continuous source this value is calculated with respect to the distance to the pulse chopper. 
The transmission of the pulse chopper is thus provided as the ratio of the opening aperture over the 
full angle. As already noted, by passing the pulse chopper, the transmitted neutron spectrum 
becomes wavelength dependent due to the different neutron velocities as a distinct time domain is 
defined.  
The phase shift of a chopper with respect to the pulse source is provided by i. The individual 
chopper transmission is a function of time, its opening aperture, as well as its corresponding rotation 
frequency, and phase shift. Therefore, the boundaries for the transmission of neutrons by a chopper 
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These conditions reveal the time frame of the choppers in the open state. The moment, in which the 
pulse chopper reaches the open state, is defined as the starting time t0. Until the pulse chopper 
closes after  an ensemble of neutrons with different velocities, which correspond to the “white” 
spectrum of the source, have passed the chopper. For the further treatment, the time parameter 
provided by (37) is transformed into the wavelength domain employing the well-known de Broglie 









  (38) 
The momentum of the neutrons is provided by p, whereas h refers to the Planck-constant. The 
neutron mass is represented by mn and s equals si, which is again the distance to the pulse source. 
This gives the transformed boundaries: 
 
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The individual chopper transmission can be solved by the following integral, corresponding to all the 
neutrons that passed the respective chopper: 
    00
0
,,, dttsTsT iiii   

 (40) 
Between two choppers a phase shift i, j is defined by the angular difference between the centres of 
the opening apertures i and j. Consequently, the previously introduced i embodies the different 










The calculation of the total transmission provided by equation (36) includes the normalisation 
regarding to the loss of neutrons at the pulse chopper by K*. This is required as the calculated Ti only 

















A sufficient resolution in the q-domain is one of the basic requirements for a SANS experiment. As 
can be learned from the discussion above, this is closely related to wavelength resolution and 
therefore to the resolution in the time domain. The accuracy in the time domain t is provided by 
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Fig. 12: The lowermost sketch b) represents the path-time scheme of a TOF-experiment. The pulse chopper 
generates the pulse and the waveband chopper tailors its width. The time frames of the choppers in the 
closed state are represented by the solid grey lines. Neutrons with the highest velocity reach the detector 
with tmin representing the lowest accessible wavelength min and vice versa. The waveband passing the 
chopper array within the full pulse frame contribute to the transmission spectrum T(), which is confined by 
min andmax. The transmission T() as observed at the detector plane and corresponding resolution 
 / are depicted in scheme a). 
An illustrative scheme is provided by the path-time diagram of a chopper array illustrated in Fig. 12 
b). The time frame of the pulse chopper in the open state is represented by . Here, the closed state 
of the respective choppers is indicated by the solid grey lines along the time-axis. The neutron 
trajectories are represented by straight lines with a slope corresponding to their respective velocity 
and thus their corresponding wavelengths. The transmitted neutrons waveband is tailored by the 
waveband chopper defining the available neutron waveband (Fig. 12 a) ). Neutrons with the highest 
velocity reach the detector plane at tmin. Nevertheless, these neutrons exhibit a low transmission 
T(min). Thus, slow neutrons representing the highest wavelengths max of the transmitted “white” 
spectrum require the time tmax for the same distance, but also exhibit a low transmission T(max). 
These issues are illustrated in Fig. 12 a). These values are of certain interest for the further data 
processing and can be calculated as follows: 
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   (47) 
Here, 1 is the frequency of the pulse chopper and 1 the respective opening aperture. The 
waveband chopper is 4 and its respective distance to the pulse source is s.  
Those neutrons passing the pulse chopper during the full time frame of the neutron pulse represent 
the available waveband between 1 and 2 with a maximum transmission. Below and above these 
values the transmission decreases linearly to zero. The corresponding values needed for the data 














































The neutron detection in the classical mode is realised by a 0.9 x 1 m2 3He-tube detector hosting 112 
tubes with a length of 1 m and a diameter of 8.3 mm each [114]. The tubes are each virtually 
subdivided into 100 cells. Consequently, the detector area is represented trough a pixel array of 
112 x 100 elements. The distance between detector and sample can be varied continuously from 
1.7 m to 11.23 m. The classical mode employing the common neutron guide collimation (Fig. 10) and 
the complete accessible neutron velocity spectrum, covers a q-range of 3·10-2 nm-1 < q < 6 nm-1. By 
rotation of the detector at the smallest sample-detector distance, the q-range can even be extended 
to q ≈ 8 nm-1. The spatial resolution along the y-axis of the detector plane is mainly provided by the 
fixed arrangement of the detector tubes. Along the z-axis, the calibration is accomplished by 
measurements of a homogeneous scattering pattern using a grid in front of the detector with 
defined dimensions. Thus, the complete detector plane can be described by a well-defined pixel 
array that encodes the spatial information. This, however, is an essential source of information for 
the data acquisition in the classical SAS-instruments, where for every pixel the number of detected 
neutrons is summed up. Due to the TOF-mode, an additional time component is recorded for every 
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pixel. Every detected neutron is correlated with the distinct detection time and therefore every pixel 
contains an entire TOF-spectrum. In other words, neutrons with a certain momentum transfer and 
well-defined TOF are summed in a TOF-spectrum by a certain group of detector pixels. Herein, the 
position of the pixel is related to  and the respective TOF gives access to . Consequently, the set of 
information provided by a single detector pixel is significantly increased compared to the classic 
detection. Nevertheless, the TOF-detection mode demands special requirements with respect to the 
hardware and the data processing. Furthermore, the amount of data is much higher and is stored in a 
binary format. To prevent so-called “dead time” effects, originating in the neutron detection process 
itself and caused by the detector electronic, the amount of neutrons per pixel and time is restricted 
and has to be taken into consideration during the experiments. 
A second detector (Fig. 10) can be used for the detection of the scattered neutrons with lowest 
momentum transfers. This is realised by adjusting this detector in front of the tube detector. The 
30 x 30 cm2 cross-wire detection unit has a spatial resolution of about 2 mm using as well 3He for the 
detection process. It is reserved for the low-q analysis using the multi-pinhole grid-collimation 
providing a well-focused neutron beam. This option additionally extends the accessible q-range down 
to q > 10-4 nm-1 
4.3. Data acquisition 
The V16-VSANS instrument is operated by the CARESS software developed for controlling the 
instrumentation at the BER-II neutron source. It makes communication to the electronic devices 
possible, such as motors and sensor elements, for example. It also enables the transcription of the 
device specific code into a short cut syntax that can be easily understood by the operator and 
therefore simplifies the instrument operation. The instrument parameters are controlled using a 
terminal interface input. Moreover, this makes it easy for the operator to develop script files 
including all relevant parameters for an experiment. These can be adapted to the experimental 
requirements and can be saved and executed by the CARESS input shell. 
 
Fig. 13: Schematically representation of the computer systems used for the operation of the V16-VSANS 
instrument, data acquisition, and further data treatment. 
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Five individual computer systems are used to control the instrument, the data acquisition, the data 
storage, and the final data treatment (Fig. 13). These computers are connected within a self-
contained computer network integrated and secured by the local network of the instrumentation at 
the BER-II. 
The central unit of the VSANS-network enables control of the other components of this local network 
by secure shell protocol. The acquisition of the measured detector signals is done by the software 
Mesydaq and is stored separately. For security reasons, the raw data are stored in the read-only-
mode that secure the data from being manipulated. For further treatment, the raw-data have to be 
transformed into the ARIEL format including additional measurement information, such as relevant 
instrument parameters, for example. The raw data visualisation and export is realised by the Egraph-
software. Furthermore, the software allows monitoring the recorded detector data even for 
individual pixels of the different detector tubes. 
4.4. Data treatment 
The TOF-data collected in the pixel array of either one of the two detectors are processed by the 
detector software Mesydaq. The data are stored as binary files that can be rendered graphically by 
the software Egraph. This software also enables the data export to the ARIEL format that can be 
imported to the MantidPlot-software. This software was developed for the treatment of neutron and 
muon data and is highly useful for the reduction, transformation and visualisation of TOF-SANS data 
sets [131]. It is an open source program utilising the Pythons syntax and is under permanent 
advancement by the SAS-community. A general overview on the data treatment procedure is 
provided in the schematic flow diagram provided in Fig. 14. The export of the measurement data 
using Egraph generates two file-formats. One contains the measurement data encoded in a binary 
file. The other one, the header file, incorporates the instrument parameters of the specific 
measurements. This includes all detector specific parameters, like detector distance, for instance, or 
the detector tube alignment, and information concerning the sample.  
For the analysis of absolute calibrated SANS-intensities the following measurements additionally to 
the measurement of the sample itself are required. Measurements of the empty beam (EB) and of 
the empty cell (EC) are performed as reference. A measurement of cadmium (CD) is used for the 
correction of the background noise of the measured detector signal. The transmission of the samples 
and the respective references is of particular importance for the final data processing and is 
therefore determined by measurements with the attenuated direct beam and without beam stop in 
front of the detector. For the calibration of the scattering intensities of the sample measurements of 
reference samples with a homogenous scattering pattern are performed. Commonly, the isotropic 
scattering of water is used for this purpose [118,132]. Nevertheless, the scattering intensity of water 
depends on the neutron wavelength and therefore has to be recalibrated by a less wavelength-
dependent isotropically scattering sample. This is done by cross-calibrated glassy carbon for instance. 
Furthermore, the calibration of the scattering intensities can be checked by measurements of 
samples with known physical properties as for example polymer standards. The MantidPlot software 
allows the data processing by command line input using an appropriate Python syntax. Furthermore, 
the whole reduction procedure can be prepared by adapting Python-script files, which includes all 
relevant steps and parameters. Most of the data processing steps can be visualised by respective  
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Fig. 14: Schematic representation of the data treatment of the TOF-SANS data format provided by the 
Egraph-software to yield the absolute calibrated scattering intensities I(q).  
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plots and therefore allows the user an easy access to the obtained data and to the individual steps of 
the reduction process. Hence, a brief outline trough a common data reduction process will be 
provided. 
For the reduction process certain instrument specific parameters are needed from the instrument 
file that is commonly used for all measurements of the same set. This file contains for instance 
information on the detector pixel array. By checking the position of the primary beam from 
transmission measurements for instance the alignment of this array could be refined, if necessary. Its 
correct positioning is of high relevance for the azimuthal averaging of the measured scattering 
intensities as the position of the primary beam defines the origin of the scattering vector. Initially, 
the summation of the individual TOF spectra recorded by the detector provide a first overview 
regarding the measurement and the respective data quality. Furthermore, these summed up spectra 
can be subsequently used for the calculation of the respective transmission values. The measured 
data are normalised to the monitor counts for the comparison of different sets of data and for the 
transformation from the time into the wavelength domain. The respective monitor spectrum 
measured right behind the chopper array at approximately -12.4 m is additionally encoded in the 
data files. The data sets are rebinned afterwards. Here, a linear or logarithmic binning scheme can be 
applied within the binning boundaries defined by the user. The summed up spectra from 
transmission measurements of samples, empty cell, and water are corrected by subtraction of the 
cadmium spectrum. The transmission as a function of the wavelength is obtained by division of the 
data sets by the respective set of the empty beam. Due to the lower data statistics, the transmission 
data are refined by a linear or logarithmic fit algorithm. Individual masks can be applied for the 
requirements of transmission or respective scattering measurements. For the transmission 
measurements, just the pixel within the range of ten cells from the centre are considered. 
Furthermore, an individual wavelength band for the data evaluation can be defined for refinement of 
the measured scattering data. This can differ from the waveband transmitted by the chopper array, 
but allows the adaption of the data reduction routine to the scientific issue. The data sets of the 
scattering measurements are corrected by the wavelength dependent fit of the transmission value 
and the Poisson errors, which are later on used for the calculation of the correct scattering 
intensities. In the next step, the corrected data sets from the scattering measurements of the empty 
cell are subtracted from those of the water reference and the sample data sets. This yields the 
respective corrected scattering intensities as a function of the momentum transfer. Finally, the 
normalisation to the scattering of a reference sample is done revealing the absolute scattering 
intensities that can be used for the further analysis. Most of the basic routines are implemented in 
the MantidPlot software and are automatically applied using the respective syntax during the 
reduction process manually or using the script option.  
4.5. Reference measurements 
To verify the performance of the V16-VSANS instrument, different sets of reference measurements 
were performed. For this purpose, for instance, a water-soluble polyethylene oxide sample (PEO) 
was purchased from Polymer Standard Service – Mainz as reference material. The polymer was 
dissolved in pure D2O to yield a concentration series with a respective polymer weight fractions  of 
3 wt%, 2 wt%, 1 wt%, and 0.5 wt%. The samples were measured at a sample detector distance of 6 m 
and 2 m with a respective collimation of 12 m and 6 m. The corresponding chopper setups were 
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adjusted to the experimental requirements to yield a q-range of 0.12 nm-1 < q < 3.4 nm-1. The 
scattering intensities displayed in Fig. 15 were corrected by the contribution of D2O. 
 
Basic structural parameters of polymer samples, such as the molar mass Mw, for instance, the radius 
of gyration RG, as well as the second and third osmotic virial coefficients, Bapp and Capp are accessible 


















Here, K is the contrast factor, which scales as a function of b and the polymer density in solution. 
The scattering ratio R(q, c) is directly related to the absolute scattering intensity I(q) measured by 
TOF-SANS. The Zimm-equation displays a two-fold dependence of the scattering function on q2 and c. 
Therefore, Zimm developed a plot, where K·c·R(q, c)-1 is plotted against q2 + k·c, with k being a 
constant shifting the intensities measured for different polymer concentrations along the q2-axis  
(Fig. 16). The extrapolation towards q2 = 0 is of particular interest as it represents the dependence of 
the apparent reciprocal molar mass Mw-app
-1 on the polymer concentration. It furthermore reveals the 
influence of the second and third osmotic virial coefficients Bapp and Capp of the dissolved polymer. 
The radius of gyration of the investigated PEO sample determined by the Zimm-equation is 
RG =5.8 ± 0.1 nm. The analysis revealed a weight averaged molecular weight of 
Mw= 12.4 ± 0.1 kg mol
-1. The reference certificate provided by Polymer Standard Service – Mainz 
quotes a molecular weight of Mw(q
2) = 13.7 kg mol-1 determined by static light scattering. The second 
virial coefficient was determined to be Bapp = 4.3 ± 0.1·10
-4 cm3 mol g-2, which corresponds to a 

















Fig. 15: TOF-SANS intensities obtained from measurements of a PEO reference sample dissolved in D2O. The 
measured scattering intensities I(q) were corrected by the contribution of D2O and normalised by the 
polymer volume fraction (concentration series: - black squares, 2 wt% - red circles, and 1 wt% - green up 
triangles). The measurement of polymer solution with  = 0.5 wt% was not considered. 
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Fig. 16. Zimm-plot obtained from the concentration series of a PEO reference sample. The colour and symbol 
code was adapted from Fig. 15. The blue diamonds represent the extrapolated scattering intensities to a 
vanishing polymer concentration. The coloured solid lines represent the fit according to the q
2
-dependence 
provided by equation (50). The black open circles represent the extrapolated scattering intensity for q
2
 → 0, 
which can be used for the determination of Mw and Bapp. 
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5. Experimental section 
5.1. Sample preparation 
5.1.1. Linear polyethylene nanoparticles 
The semi-crystalline nanoparticles composed of linear PE were synthesised by Anna Osichow in the 
group of Prof. Stefan Mecking at the University of Konstanz.  
The particles were prepared in a low-temperature emulsion polymerisation procedure employing the 
nickel complex displayed in Fig. 17 [134]. The PE content of the received nanoparticle dispersion was 
PE = 2.6 wt%. The dispersion remained stable over months. For the stabilisation of the dispersion, 
the ionic surfactant sodium dodecylsulfate (SDS) was employed. The dispersion contained 
SDS = 0.13 wt% of the surfactant and PEG = 0.37 wt% of polyethylene glycol (PEG, Mw = 5000 g mol
-1) 
as a further additive. Differential scanning calorimetry (DSC) reveal a crystalline fraction of c-
DSC > 90 % and a melting temperature of Tm = 144 °C. The hydrodynamic properties were analysed by 
means of DLS and analytical ultra-centrifuge. Details are provided in the appendix. The evaluation of 
gel permeation chromatography (GPC) measurements revealed a molecular weight of 
Mn = 4.2·10
5 g mol-1 with a polydispersity of Mw / Mn = D = 1.4. 
13C-NMR analysis demonstrates the 
almost complete absence of methyl branching with less than one methyl-branch per 1000 carbon 
atoms. From density measurements of a concentration series the corresponding particle mass 
density including the adsorbed additives was determined with  = 1.0024 ± 0.001 g cm-3.  
For the contrast variation series analysed by SAXS, the samples were diluted with an SDS containing 
solution to keep the surfactant concentration constant. The final polymer content was 
PE = 0.87 wt%. The nanoparticles dispersions and the corresponding background solutions were 
prepared by the addition of glucose. The prepared mixtures contained sugar weight fractions of 
4.5 wt%, 7 wt%, 15 wt%, and 22 wt%. Additionally, PE-nanocrystals dispersed in water were annealed 
at 100 °C, 115 °C, 125 °C, 130 °C and 150 °C in sealed glass vials for 15 minutes and were studied by 
SAXS measurements. Those samples had a polymer weight fraction of PE = 2.6 wt%.  
 
 
Fig. 17: Chemical structure of the catalytic active complex salicylaldiminato nickel methyl phosphine TPPTS 
for the low-temperature synthesis of nascent high order polyethylene. 
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For the analysis by TOF-SANS, a different batch of the PE-nanoparticle dispersion with a polymer 
weight content of PE = 1.9 wt% was employed, as received. The dispersion was diluted with D2O to 
yield the final polymer weight fraction of approximately PE ≈ 1 wt%. Furthermore, the sample 
contained PEG with PEG = 0.26 wt% and SDS with SDS = 0.39 wt%. Complementary DSC 
measurements revealed a crystal fraction of C-DSC ≈ 84 %. 
5.1.2. Precisely branched polyethylene nanoparticles 
The nanoparticles of well-defined methyl-branched PE were synthesised by Justyna Trzaskowski in 
the group of Prof. Stefan Mecking at the University of Konstanz.  
The received dispersion contained nanoparticles of branched PE carrying precisely placed methyl 
groups at every 21st carbon. The polymer had been prepared by an acyclic diene metathesis (ADMET) 
polymerisation of ,-diene monomers [46]. The nanoparticles particles formed in a secondary 
dispersion approach as indicated in Fig. 18 [135]. The dispersions had a total polymer weight fraction 
of PE = 0.96 wt% and furthermore contained 1.5 wt% of dodecyltrimethylammonium chloride 
(DTAC) as stabilising surfactant.  
For the SAXS-analysis of a contrast variation series, glucose was added to tune the scattering 
contrast. Thus, the dispersions contained 4.5 wt%, 7 wt%, 15 wt%, and 22 wt% glucose. For a proper 
background subtraction, solutions with appropriate sugar and surfactant content were prepared and 
measured under equivalent conditions. Additionally, references with adequate sugar content but 
without surfactant were analysed. 
 
Fig. 18: Scheme of the preparation of nanoparticles of precisely methyl-branched polyethylene in a 
secondary dispersion process. 
5.1.3. CMS-molecules based on hyperbranched polyglycerol 
The core-multishell nanoparticles as well as samples of the hyperbranched polyglycerol were 
synthesised in the group of Prof. Rainer Haag at the Free University Berlin (FUB). 
The received samples of the hyperbranched polyglycerol (hPG) were synthesised following the 
procedure reported by Paulus [136]. This is based on the protocol introduced by Sunder and co-
worker [137,138]. Herein, 1, 1, 1-Trimethylolpropane (TMP) with a molecular weight of 
MTMP = 134.18 g mol
-1 was used as initial unit. The monomer unit is represented by glycidol having a 
corresponding molecular weight of Mglycidol = 74.08 g mol
-1. 1H and 13C-NMR were used to analyse the 
microscopic structure. The GPC-analysis of the investigated sample revealed a molecular weight of 
MW = 10.4 kg mol
-1 with D = 1.85 (solvent: H2O, polymer standard: pullulan). The mass density of the 
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dispersed polymer was extrapolated in a concentration series to be  = 1.253 ± 0.001 g cm-3. The 
purified and lyophilised product was used as received. 
The hPG sample was diluted with H2O for the DLS and SAXS investigations. Here, for the DLS 
experiments the polymer weight fraction was adjusted to hPG-DLS < 0.1 wt% and for the SAXS-analysis 
to hPG-SAXS ≈ 1 wt%. For the analysis of a concentration series by SANS the polymer was diluted with 
D2O to prepare solution containing 3 wt%, 2 wt%, 1 wt%, and 0.5 wt% of the polymer. 
The received sample of the CMS-molecules was prepared by the adapted routine reported by 
Radowski [58]. Here, an hPG molecule was aminised to receive a degree of terminal ammination of 
approximatly 70 % (hPG10kDA (-NH2)0.7). The outer double layer was prepared by the reaction of 1, 18-
octadecandioic acid with monomethyl-poly(ethylene oxide) having an molecular weight of 
approximately Mn ≈ 350 g mol
-1 (mPEG350) and linked to the hyperbranched core (Fig. 2). All the 
structural investigations were carried out with the purified bulk material from a single batch of CMS-
molecules. The macroscopic mass density of the CMS-nanocarriers dispersed in water was 
determined from a concentration series with CMS-H2O = 1.111 ± 0.02 g cm
-3
. A corresponding value of 
CMS-C7H8 = 1.043 ± 0.002 g cm
-3 was obtained for dispersions containing toluene.  
For the preparation of the stock solutions the freeze-dried CMS-particles were dissolved in the 
respective solvent and stored in the refrigerator over months. The recovery of CMS-molecules from 
non-polar dispersions was realised from mixtures containing water and a respective evaporation of 
the organic phase. The reuse of the purified and freeze-dried samples did not change the sample 
properties. The samples were additionally filtered through membranes with pore size of 100 nm or 
200 nm if necessary.  
The variation of the scattering contrast in the small angle scattering experiments were realised by 
dissolving the CMS-structures in sucrose solutions with varying sugar content in the case of SAXS and 
for SANS in mixtures of water (H2O) and heavy water (D2O) respectively. Additionally contrast 
variation series were carried out using mixtures of toluene (C7H8) and toluene D-8 (C7H8) as non-polar 
dispersion media. The specific compositions of the dispersions are provided in the corresponding 
sections of the discussion.  
All chemicals and solvents of analytical grade were purchased from respective suppliers and were 
used as received. 
5.2. Methods 
5.2.1. Light scattering 
Dynamic light scattering measurements were conducted using the Malvern Zetasizer Nano ZS. The 
device is equipped with a 50 mW laser operating at  = 532 nm. The instrument allows the 
determination of the auto-correlation function of the scattered light at  = 178° (backscattering 
mode) and  = 12° (forward scattering). The detector signal is processed by a digital correlator unit 
being able to process intensity correlations down into the nanosecond regime. All measurements 
were performed in 10 mm quartz cells. The sample was thermostated by a Peltier element with 
T = 0.1 K. Temperature dependent measurements were performed with steps of 0.5 K or 1 K and an 
equilibration of at least 10 minutes per step. The obtained data were treated with the CONTIN-
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algorithm [139] implemented in the instrument software (version 6.01). For all DLS measurements 
samples with a total weight fraction of  < 0.1 wt% were used.  
For angular dependent, DLS measurements in the range between 20° <  < 150°, an ALV goniometer 
system was used. It is equipped with a 22.5 mW He-Ne laser emitting a polarised beam at 
 = 632 nm. The detection system is linked to a Perkin Elmer SPCM-CD2969 photodiode by fibre 
optics. The signal processing is realised by an ALV – LSE 5004 correlator unit. The correlation 
functions were treated with the ALV correlator software (version V4.0) using the CONTIN option. For 
an additional evaluation step of angular dependent measurements a custom-made C++ - routine 
implementing the non-linear fit algorithm based on exponential fit functions was employed [140].  
5.2.2. Density measurements 
The density measurements were performed with a Anton Paar density meter DMA 60 with the 
oscillating U-tube system DMA 602. The temperature was controlled by a thermostat with an 
external temperature sensor near the sample. The cycle duration of the oscillation was recorded by a 
custom-made LabView-tool and converted into density values using dry air and neat water as 
references. The extrapolations of the macroscopic mass densities of the samples were done from 
concentration series. 
5.2.3. Cryogenic Transmission Electron Microscopy 
For cryo-TEM analysis, the aqueous dispersions with a weight fraction of  < 0.1 wt% were placed 
on a copper TEM grid. Most of the liquid was removed by blotting paper to leave a thin film. The 
specimens were vitrified by rapid plunging into liquid ethane and cooled to approximately 90 K. The 
frozen samples were transferred in a cryo-transfer holder to the Zeiss EM922 OMEGA EFTEM 
instrument. All examinations were carried out at an acceleration voltage of 200 kV. Zero-loss filtered 
images (E = 0 eV) were obtained from reduced dose conditions [141].  
5.2.4. Small Angle X-ray Scattering – SAXS 
The small angle X-ray scattering was measured at the ASAXS beamline at the BESSY-II storage ring in 
Berlin (Germany) and at the ID02 beamline at the European Synchrotron Radiation Facility (ESRF) in 
Grenoble (France). 
The small angle scattering experiments at the SAXS instrument located at the 7T MPW beam line at 
the BESSY-II was performed with a 200 x 200 mm² gas detector with a spatial resolution of 200 µm. 
The photon energy was selected with a silicon (111) double crystal monochromator to 12 keV 
corresponding to a wavelength of  = 1 Å. Two sample detector distances of 1 m and 3.4 m cover the 
q-range of 0.1 < nm-1 q < 4.5 nm-1. The acquisition time for every sample and detector position was 
10 minutes. As the experiments were run under fine vacuum conditions the samples were enclosed 
in 2 mm mark tubes purchased by Müller&Müller-Berlin OHG and from Hilgenberg GmbH. For the 
sake of absolute calibration, the individual sample path length was determined by transmission 
measurements moving the capillary holder perpendicular to the incident beam. Glassy carbon with a 
thickness of 90 µm was used as reference for absolute calibration and silver behenate as the 
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standard for the azimuthal averaging. The data reduction was done with the software package 
SASRedTool developed by Haas [142]. 
The measurements at the ID02 beamline of the ESRF were performed using the 2D FReLoN Kodak 
CCD-detector. With a photon energy of 12.5 keV corresponding to a wavelength of  = 1 Å and 
detector positions between 1.2 m and 10 m a q-range of 0.01 nm-1 < q < 4.5 nm-1 was accessible. The 
samples were measured in a tempered polycarbonate flow capillary at 25 °C. The acquisition time 
per photon shot was 100 µs. For every sample, at least 10 single measurements were performed and 
averaged during the data reduction process. To prevent radiation damages the sample was 
automatically pushed through the capillary. The data reduction, including absolute calibration and 
circular averaging, was directly performed during the measurements by an online data reduction 
routine. Further data treatment was performed using the software package SAXSutilities by Sztucki 
[143]. 
5.2.5. Wide Angle X-ray Scattering – WAXS 
For the wide angle diffraction of dried bulk material the Bruker AXS D8 Advance diffractometer 
equipped with a copper X-ray tube, emitting the Cu- line at  = 1.541 Å, was applied. The 
diffraction intensities were measured between 10°< 2 < 80° in the reflective mode. 
The WAXS-intensities of nanoparticles in dispersion was simultaneously measured during the SAXS 
experiments at the ID02 beam line. The instrument is equipped with an AVIEX PCCD-4284 detector 
covering the q-range between 3.5 < q < 35 nm-1. 
5.2.6. Small Angle Neutron Scattering – SANS 
The analyses of the CMS-molecules under different experimental conditions were carried out during 
beam time at the SANS-II instrument located at the SINQ spallation source of the Paul Scherrer 
Institute (PSI) in Villigen (Switzerland). The experiment with an overall length of 12 m and a standard 
pinhole optic is equipped with a 3He area-sensitive wire detector developed by the Risø National 
Laboratory. A velocity selector is used to select the wavelength and the beam is collimated by the 
individual insertion of six neutron guides. For the 1 m and 5 m detector position a wavelength of 
 = 4.5 Å was used. For reasons of efficiency and to gain the full accessible q-range, the wavelength 
for the 6 m detector position was set to 10.6 Å. For absolute calibration, neat water, and for the 
subtraction of the dark current, cadmium, were measured in addition [132]. The data reduction was 
done using the BERSANS tool by Keiderling [144]. 
Contrast variation experiments in aqueous media were carried out at the D11 small angle 
diffractometer at the Institut Laue-Langevin (ILL) in Grenoble (France). The classical pinhole 
instrument with a total length of about 80 m is equipped with a 3He multi-detector. The sample-to- 
detector distance can be varied between 1.2 m and 40 m. The movable neutron guides allow the 
collimation of the neutron beam at 12 discrete distances. The wavelength is selected with a 
mechanical velocity selector with a spread in wavelength (d / ) of approximately 9 %. For the 
experiments, a wavelength of = 6 Å was selected and the scattering was measured at 1.2 m, 8 m, 
and 13.5 m detector position and respective collimation of 8 m, 8 m, and 13.5 m. The data reduction 
and calibration was done with the tool LAMP by Richard et al. offered by the ILL [145]. As calibrating 
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standards neat water for absolute calibration and cadmium for the background determination were 
used.  
Contrast variation experiments in non-polar media were carried out at the KWS 1 at the FRM II 
neutron source in Garching. The instrument with pinhole optics has a total length of 40 m and is 
equipped with a detector system using the Anger principle [119]. The 8x8 photomultiplier array uses 
a 60 x 60cm2 6Li-glass scintillator with an efficiency > 95% for λ > 4.5 Å neutrons [146]. A light 
disperser glass spreads the light produced by a neutron event to an array of 3 x 3 photomultipliers 
[147]. The collimation is realised by 18 individual neutron guide segments. The wavelength is 
selected by a Dornier velocity selector with a spread in wavelength of approximately  /  ≈ 10 %. 
For the performed measurements the wavelength was set to  = 6 Å. The scattering intensities were 
recorded at 1.5 m and 8 m detector position and a respective collimation of 8 m. For absolute 
calibration, vanadium-cross-calibrated Plexiglas and boron carbide for the dark count subtraction 
were used. The data reduction was performed with the tool QTIKWS developed by Pipich [148].  
The V16 instrument is located at the BER-II reactor in Berlin. The principle of time of flight, neutron 
scattering and the essential components of the instrument were introduced in section 4. The 
measurements were performed using variable wavelength bands from different chopper setups 
suitable for the experimental requirements. Together with the sample-to-detector distances at 1.2 m 
and 6 m and the corresponding collimation, the experimental parameter were adjusted to cover the 
required q-range and resolution. The collimation in the standard mode is realised by insertion of up 
to six neutron guides having an aperture of 40 × 40 mm². The collimation was adapted to the utilised 
chopper setups and the different sample to detector distances. The data processing was realised by a 
modified routine of the software MantidPlot. For the dark current subtraction and for absolute 
calibration, respective measurements of cadmium and water were performed. The measurements of 
water for absolute calibration in the probed q-regime was suitable [132]. For the evaluation of the 
scattering data different bands of wavelengths out of the detected neutron spectrum were used to 
optimise the data resolution.  
All SANS-experiments were carried out at 25 °C in standard Hellma cuvettes type 120 having a path 
length of 1 mm. 
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6. Results and Discussion 
6.1. Crystalline polyethylene nanoparticles  
The following sections deals with the analyses of PE-nanoparticles which recently attracted attention 
in the debate on the polymer crystallisation process [25,26,28,30,33]. The isolation of the crystalline 
phase was one of the major challenges of recent synthetic work. It was realised with the preparation 
of semi-crystalline particles in the nanometre scale by catalysed emulsion polymerisation. An 
excellent approach for a comprehensive structural analysis of the PE-nanoparticles is the 
combination of imaging techniques, such as TEM and cryo-TEM, for instance, and scattering methods 
like SAXS and SANS, as well as WAXS. 
6.1.1. Crystalline nanoparticles of linear polyethylene  
Nanoparticles composed of linear PE were synthesised by an emulsion polymerisation process [134]. 
As demonstrated in the schematic illustration in Fig. 19 the Ni-complex is activated by the absorption 
of ethylene at increased pressure. Hence, the catalyst becomes lyophilic and needs to be stabilised 
by SDS surfactant molecules in the aqueous dispersion. The synthesis was carried out at 10 °C, which 
requires the addition of ethylene glycol for stabilisation. Furthermore, the addition of polyethylene 
glycol (Mw-PEG ≈ 5 kg mol
-1) disables the formation of ethylene glycol superstructures. It is supposed to 
stabilise the emulsion during the polymerisation at low temperatures. It could not be removed 
during the purification by dialysis.  
The nanoparticle morphology was studied by cryo-TEM from highly diluted dispersions (refer to 
section 5.2.3). The representative micrographs shown in Fig. 20 display particles with a facetted 
shape in different orientations to the electron beam (Fig. 20 a) ) revealing the platelet-like character 
of the nanoparticles. The single particle shown in Fig. 20 b) is oriented planar to the incident beam, 
so that the top of the platelet is visible. The particle shape underlines the discussion on the growth of 
the nanocrystals as provided by Weber and co-worker [30]. The truncated lozenge shape is thus a 
rather late state of the crystal growth compared to the lozenge shape of macroscopic PE-crystals 
[149,150,151,152]. Furthermore, particles with an almost rectangular shape indicate the presence of 
monoclinic crystallites. The narrow rod-like shape illustrated in Fig. 20 c) can be associated with 
particles whose planar orientation is perpendicular to the direction of the probing beam. The light 
amorphous material topping the dense crystalline phase could not be visualised by cryo-TEM. It is 
contrast matched by the vitrified ice of the dispersions medium [153]. The statistical evaluation of  
 
 
Fig. 19: Schematic drawing of the formation of nanoparticles of linear PE by the catalytic active Ni-complex. 
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Fig. 20: a) Cryo-TEM micrograph of semi-crystalline PE-nanoparticles. b) The magnification shows the top 
view of the facetted platelets. c) The detail shows the respective side view. The amorphous phase is not 
visible due to contrast match conditions t.  
cryo-TEM micrographs should be regarded with caution in the case of anisotropic particles. The 
random orientation of the particles towards the probing beam can impede the correct determination 
of the particle dimensions. The particle diameter was found to be approximately 20 nm having a 
likewise bimodal distribution, whereas the lateral dimension of the platelets is around 6 nm. 
Moreover, the investigated cryo-TEM micrographs reveal a certain polydispersity of the investigated 
sample. 
The measurements of the particle small angle X-Ray scattering were performed at the ID02 beamline 
at the ESRF in Grenoble (France). In the respective contrast variation series, glucose was used as 
contrast agent for increasing the electron density of the dispersion medium. The particle 
concentration was decreased to PE < 1 wt % to reduce the influence of inter-particle interactions 
that are assigned to repulsive forces caused by the adsorbed surfactant molecules at the particle 
surfaces [30,33]. The compositions of the measured samples are provided in Tab. 1.  
The SAXS-intensities obtained from the PE-nanoparticles dispersions were corrected from the 
contribution deriving from the dispersion media. This was realised by the subtraction of the 
scattering intensities of the respective sugar solutions with consideration of the nanoparticle volume 
fraction PE according to [103]: 
)(  )1()( )( qIqIqI solventdispersion   (51) 
The corrected scattering intensities solely deriving from the PE-nanoparticles are represented by the 
open symbols depicted in Fig. 21. The evaluation of the forward scattering intensities revealed a non-
negligible influence of inter-particle correlations. This was concluded from the two regimes found for 
the slope of the linearised scattering intensities, which were analysed with the Guinier-relation 
provided by equation (14). Therefore, essential parameters like the particle volume VP and the 
particle average scattering length density bP could not be extrapolated with the needed accuracy. As 
a consequence the decomposition of the scattering intensities as a function of the scattering contrast 
as designated by equation (23) could not be realised. 
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Fig. 21: SAXS-intensities normalised by  as obtained from a contrast variation series of PE-nanoparticle 
dispersions using glucose as contrast agent. The scattering intensities were corrected by the scattering 
contributions of the dispersion media. From bottom to top the sugar content was increased (0 wt% - black 
squares, 4.5 wt% - red circles, 7 wt% - green up triangles, 13 wt% - blue down triangles, and 22 wt% - cyan 
diamonds). The fits utilising the particle scattering factor provided by equation (53) are represented by the 
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Tab. 1: Overview on the samples composition and corresponding bm used for the contrast variation series 




















0 0.87 0.0090 9.42 0.9974 
4.5 0.87 0.0096 9.55 1.0164 
7 0.87 0.0097 9.63 1.0315 
15 0.87 0.0097 9.91 1.0503 
22 0.87 0.0098 10.16 1.0503 
The particle scattering factor used for the analysis of the corrected SAXS-intensities is expressed by 
equation (53) [33]. It represents a platelet-like body carrying two topping layers on each side as this 
is illustrated in Fig. 22. 
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Here, R is the particle radius, whereas L is the corresponding overall height. The platelet-like 
character is described by the first order cylindrical Bessel function J1. The thickness of the crystalline 
phase is denoted by Lc and this of the amorphous layer La, respectively. The outermost layer contains 
the adsorbed surfactant molecules stabilising the particles. The thickness of the SDS / PEG layer is 
respectively calculated from the overall height of the platelets and the heights of the two other 
phases. The appropriate scattering contrasts are represented by bSDS/PEG = bSDS – bm for the 
outermost shell, ba = ba − bSDS/PEG for the amorphous layer, and bc = bc – ba for the crystalline 
phase. All dimension parameters were analysed employing Gaussian distribution functions. 
From the contrast variation series these structural parameters could be calculated using a global fit 
routine. A bimodal Gaussian distribution of the particles’ mean radius served for the calculation of 
the fits depicted in Fig. 21. The applied distribution was developed according to the bimodal 
distribution found by measurements of the hydrodynamic radii using an analytical ultracentrifuge 
[154]. The corresponding data (Fig. S 1) are provided in the appendix. The two centres of the 
distribution were found at R1 ≈ 5.4 nm and R2 ≈ 8.4 nm. The thickness of the crystalline phase was 
fitted with Lc = 8.8 ± 1 nm and the corresponding scattering length density was determined with 
bc = 9.57·10
10 cm-1. This refers to a macroscopic density of the crystalline phase of c = 0.991 g cm
-3. 
The thickness of the topping amorphous layer having a scattering length density of ba = 8.50·10
10 cm-2 
was calculated with ½La = 1.1 ± 0.5 nm. The scattering length density correlates with a macroscopic 
packing density of a = 0.880 g cm
-3. The density values correspond to those determined by Rochette 
[33]. The outermost layer has a thickness of ½LSDS / PEG = 0.7 ± 0.1 nm and a corresponding scattering 
length density of bSDS / PEG = 11.20·10
10 cm-2. From the calculated dimensions of the phases by volume 
the crystallinity could be determined to be C-SAXS = 83 %.  
The estimation of the average molecular weight of the nanoparticles by equation (28) was 
accomplished using the fitted scattering intensities. Comparing the molecular weight of the 
nanoparticles with the one determined by GPC (Mw-GPC = 5.9·10
5 g mol-1) demonstrates that the PE-
nanoparticles are formed in average by two polymer chains at the most. Together with virtual 
absence of branching along the polymer backbone, the nanoparticles are nearly free of defects, 
leading to a well-behaved crystallisation of the PE-chains. 
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Fig. 22: Scheme of the cylindrical platelet model with two topping layers on each side. 
Analysis by TOF-SANS measurements 
Further analysis of the spatial structure of the PE-nanocrystals was performed with TOF-SANS 
measurements. The sample investigated by neutrons scattering was synthesised under equivalent 
experimental conditions as used for the sample studied with X-rays. The nanoparticle dispersion was 
diluted with D2O to tune the scattering contrast. Thus, the final polymer weight fraction was 
approximately PE ≈ 1 wt%. The corresponding scattering length density of the dispersions medium 
was calculated with bm = 2.75·10
10 cm-2. The measured scattering intensities were corrected by the 
scattering contribution of an appropriate mixture of D2O and H2O employing equation (51). This 
yielded the SANS intensities displayed by the open symbols in Fig. 23. The data were modelled 


















Fig. 23: TOF-SANS intensities obtained from a dispersion of crystalline nanoparticles composed of linear PE. 
The solid line represents the result of the fit according to equation (53). 
Tab. 2: Overview on the parameters used for the analyses of PE nanoparticles by SAXS and SANS 
measurements. *) A bimodal Gaussian distribution for R was applied. **) The sample was taken from 




 R1 ≈ 5.4  
R2 ≈ 8.4  
5.7 ± 2.3  
Lc nm 8.8 ± 1  7.8 ± 1  
½ La nm 1.1 ± 0.5 1.1 










 8.50 -0.31 
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 11.20 0.49 
fitted with Lc = 7.8 ± 1 nm and the corresponding scattering length density was determined with  
bc = -0.33·10
10 cm-2. The fit represented by the solid red line in Fig. 21 was calculated using a particle 
mean radius of R = 5.7 ± 2.3 nm. Here, a monomodal Gaussian distribution for R served for the 
calculation. This value correlates with a macroscopic density of the crystalline phase being 
 = 0.991 g cm-3, which is the same as used for the evaluation of the SAXS data (Tab. 2). The thickness 
of the amorphous layer having a scattering length density of ba = -0.31·10
10 cm-2 was determined 
with ½La = 1.1 nm. The amorphous structure is thus related to a corresponding macroscopic density 
of  = 0.880 g cm-3, which is similar to the results obtained by SAXS (Tab. 2). The difference between 
scattering length densities of the amorphous and the crystalline phase thus results only from the 
different packing densities of the PE-chains. The topping layer containing SDS and PEG has a 
thickness of ½LSDS / PEG = 1.0 nm. As corresponding scattering length density bSDS / PEG = 0.49·10
10 cm-1 
was used [155]. Consequently, the crystallinity could be estimated from the dimensions of the 
specific phases by volume by approximately C-SANS ≈ 78 %.  
Analysis of WAXS measurements 
Furthermore, the structure of the PE-nanoparticles was examined by WAXS measurements from a 
precipitated sample. The observed scattering intensities are related to the inter-planar spacing 
between the crystallographic planes within the crystallite. This is expressed by the modified Bragg-








  (54) 
Here, d represents the distance between the atomic planes and n is the order of the observed 
reflection. The diffraction intensities of the major reflections are shown in Fig. 24. An additional 
overview on the observable reflections is provided in Tab. 3. The major reflections at 2 = 21.4° and 
2 = 23.8° were ascribed to orthorhombic PE [156]. The diffraction signal at 2 = 19.42° refers to the 
monoclinic PE modification [157]. This modification was reported for samples of mechanically 
strained PE or for samples having an ultra-high molecular weight (UHMW) [158,159,160,161,162]. 
The analysis of the diffraction pattern followed the procedure reported by Russell [159,163] and is 
illustrated in Fig. 24. The scattering intensities were decomposed into the contributions of the 
orthorhombic (long dashed, cyan coloured line) and monoclinic (solid green line) PE crystal 
modification. The diffraction intensities were fitted using Gaussian-Lorentzian profiles and their 
respective summation lead to the scattering intensities represented by the solid red line. The 
determination of the crystal fraction considers an amorphous phase (dashed blue line) represented 
by a broad signal below the reflections of the crystalline domains. Here, the maximum of the 
amorphous halo was located at 2 = 19.7° [161]. The determination of the crystal fraction and the 
correlating purpose of the amorphous phase has also been the subject of intensive discussions in the 
literature over years [163,164,165,166]. The analysis of the WAXS-intensities reveals a crystallinity of 
C-WAXS = 86 %, whereby the total crystal fraction contains 14 % of the monoclinic PE modification. As 
a consequence of the low-temperature emulsion polymerisation of ethylene utilising the recent Ni-
catalyst, the monoclinic crystal structure can be observed with nanoparticles of average molecular 
weight PE (refer to chapter 5.1.). This observation has not been reported for PE-nanoparticles to 
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date. One reason for this can be attributed to the mechanical strain from the rapid crystallisation of 
the polymer chain during the nanoparticle formation. 































Fig. 24: WAXS-intensities of PE-nanoparticles measured as precipitated sample. The plot illustrates the 
decomposition of the diffraction signal into contribution of orthorhombic (dashed cyan coloured line) and 
monoclinic (solid green line) PE [159,163]. An additional signal of the amorphous phase (dashed blue line) 
was fitted as a broad halo signal. The red line represents the summation of the different contributions [161]. 
Tab. 3: Position and relative intensities for the observed WAXS-signals from precipitated crystalline 




° Å % 
19.42 4.57 19 
21.40 4.15 100 
23.82 3.73 35 
29.92 2.98 4 
36.18 2.48 5 
39.76 2.27 5 
40.52 2.23 5 
41.40 2.18 5 
43.06 2.10 5 
46.68 1.94 3 
52.60 1.74 3 
54.90 1.67 2 
57.02 1.61 2 
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Wide angle powder diffraction reveals only an average of the existing crystalline units within the 
investigated sample. One method of gaining insight into the specific crystal structure is single crystal 
diffraction [113]. Unfortunately, it is not the method of choice for the analysis of isolated PE-
nanocrystals, since the technique is limited by the size of the investigated sample. To overcome this 
problem, TEM-analysis accompanied with selected area electron diffraction (SEAD) experiments from 
assorted regions of a dried nanoparticle dispersion were performed [167]. Due to the fast 
appearance of radiation damages and amorphisation of the particles, it was only possible to probe 
the sample using short-time exposures illuminating large sample areas. These observations must be 
ascribed to the high-energy input caused by the probing electron beam. Hence, the differentiation 
between nanoparticles having either a monoclinic or an orthorhombic lattice structure was not 
successful. The weak diffraction signals did not reveal the monoclinic crystal structure of the PE 
sample, but confirmed the orthorhombic modification. Therefore, the monoclinic PE appears to be 
rapidly converted into the stable orthorhombic modification by just the thermal energy of the 
probing electrons.  
Analysis of annealed samples by SAXS measurements 
The morphological changes due to the annealing of the PE-crystallites were studied by respective 
SAXS measurements. The samples of the annealing series having a polymer weight fraction of 
PE = 2.6 wt% were tempered for 15 minutes in sealed tubes. It was shown by Davis and colleagues 
that the major morphological changes take place within the first minutes of the temperature 
treatment [168]. Hence, the nanoparticles were completely converted to the thermodynamic 
equilibrium morphology during the exposure. Formula (51) served for the background correction of 
the SAXS-intensities, which are represented by the open symbols in Fig. 25. The data were fitted 
using the model provided by equation (53) describing the platelet-like shape and layered 
microstructure of the PE-nanoparticles. This approach refers to non-interacting particles and is 
represented by the dashed lines in the corresponding plot. In contrast to the dispersions used for the 
contrast variation series the polymer weight fraction used for the annealing series was approximately 
threefold higher. This becomes obvious especially for small magnitudes of the scattering vector, 
where the scattering intensities significantly deviate from the model. This is ascribed to the repulsive, 
electrostatic interactions between the platelets [30,33]. The pair correlation of the dispersed 
nanoparticles is comparable to the one of hard spheres having a repulsion radius of RHS = 18.8 nm 
and can be associated with the counter ion diffusive layer around the platelets. Steric interactions 
between the platelets are seen to have a minor influence at low particle concentrations [33]. This can 
be deduced from earlier reports to the influence of the particle structure factor for dispersions of the 
platelet-like stilbenoid dendrimers [111] and other platelet-like structures [169,170]. The influence of 
the inter-particles correlations is considered by the fits represented by the solid lines in Fig. 25.  
The fitted SAXS-intensities reveal substantial morphological changes of the PE-nanoparticles due to 
the temperature treatment. An overview on the parameters used for fitting the data of the annealing 
series is provided in Tab. 4. The evaluation reveals a thickening of the crystalline phase until the 
annealing temperature of 115 °C. Here, Lc increases from Lc = 8.8 ± 1 nm for native PE-nanoparticles 
over Lc = 11.5 ± 1 nm for nanoplatelets annealed at 100 °C to Lc = 13.7 ± 1 nm at 115 °C. The 
scattering length density of the crystalline phase at 100 °C and 115 °C was fitted with  
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Fig. 25: SAXS-intensities normalised by  as obtained from annealed nanoparticles composed of linear PE. 
From bottom to top the annealing temperature was increased (black squares no temperature treatment, red 
circles : 100 °C, green triangles : 115 °C, blue triangles : 125 °C, cyan diamonds : 130 °C, and magenta 











. The dashed lines correspond to the fits according to equation (53) 
assuming no inter-particle correlation, the solid lines represent the calculated scattering intensities including 
repulsively interacting particles. 
Tab. 4: Structural parameters of the PE-nanocrystals as derived from the fitted scattering intensities as 









 was used. The respective 
standard deviation of the Gaussian size distributions is 1 nm for LC and 0.5 nm for La. These parameters were 
assumed to be independent of the annealing temperature. 
T Lc La bc





25 8.8 2.1 9.57 
100 11.5 2.1 9.57 
115 13.7 2.1 9.57 
125 7.8 3.2 9.76 
130 8.5 4.4 9.76 
150 9.8 16.0 9.57 
bc = 9.57·10
10 cm-2. The thickness of the amorphous phase was observed as remaining constant. As 
for the native PE-particles, a thickness of ½La = 1.1 ± 0.25 nm was found. This value indicates a rather 
thin phase, although, as already outlined before, a significant contribution arises from the aliphatic 
tail groups of the adsorbed SDS molecules. This notwithstanding, a well-defined re-entry of the PE-
chains back into the crystalline domain by the formation of tight loops can be deduced. Theoretical 
studies on the structure of the amorphous phase have been reported by different authors 
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[171,172,173,174,175,176]. They claimed that the chain fold and re-entry can be realised by just a 
few repeating units and, therefore, a rather thin amorphous phase is formed. The thermal treatment 
enhances the polymer diffusion within the crystallite yielding the thermodynamically favoured state. 
Thus, the loops within the amorphous phase act as guide rollers, allowing the polymer chains to glide 
along each other during the thickening of the particles, as illustrated in Fig. 26. The size distribution 
of R had to be adapted for the particle thickening as the scattering volume of the dispersed PE-
particles is constant. A further increase of the annealing temperature to 125 °C leads to a shrinking of 
the crystalline phase to Lc = 7.8 ± 1 nm, whereas the thickness of the amorphous phase increases to 
½La = 1.6 ± 0.25 nm. For the respective dispersion annealed at 130 °C the height of the crystalline 
phase increases to Lc = 8.5 ± 1 nm. For the amorphous layer, ½La = 2.2 ± 0.25 nm was found. 
According to these values, an additional increase of the amorphous phase by a factor of about two 
reveals a significant shrinking of the size of the ordered domain. The annealing at 125 °C and 130 °C is 
accompanied by an increase of the corresponding scattering length density to bc = 9.76·10
10 cm-2. The 
increase of bc is directly related to an increased density of the crystalline phase as the composition of 
the incorporated material is not changed. The increase of the macroscopic density of PE-samples 
during annealing was reported by Davis and was assigned to a contraction of the crystal unit cells 
[168]. The increase of the amorphous fraction is supposed to be accompanied by the formation of 
entanglements between the chains re-entering the crystalline stem. Moreover, the adsorbed 
additives can be incorporated into the disordered domain. As a result, the unaffected diffusion of the 
PE-chain within the crystallite is not preserved and the lamella thickening does not follow the 
thermodynamic predictions.  
The SAXS-intensities of a dispersion annealed at 150 °C, which is above the melting temperature of 
the PE- nanocrystallites, were measured additionally. The corresponding fit parameters of the 
platelets were Lc = 9.8 ± 1 nm and ½La = 8 ± 0.25 nm. For the scattering length density for the 
crystalline phase bc = 9.57·10
10 cm-1 was used to model the scattering intensities. The recrystallisation 
of the nanoparticles leads to a significant increase of the amorphous domain and a consequent loss 
of crystallinity. Furthermore, the calculated particle dimensions could result from a fusion of 
individual nanoparticles in the molten state. 
Furthermore, the lamella thickening was analysed with respect to the thermodynamic properties of 
PE. Important work on this topic has been done by Strobl [12,15,177]. His studies cover the relation 
between the annealing temperatures of polymer crystallites and the corresponding crystal thickness.  
 
 
Fig. 26: Scheme of the mechanism of the lamella thickening with the amorphous phase acting as “guide 
pulley” for the adjacent re-entry of the polymer chains. 
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Hereby, the thickening due to a temperature treatment leads to the equilibrium crystal thickness 
that is related to the surface free energy of the crystallites. From this correlation the melting and 
crystallisation properties of PE crystallites with respect to the crystal thickness can be determined by 



















The value LC demonstrates the thickness of the crystalline lamella, whereas Tm is the melting 
temperature and Hsurf the heat of fusion. The equilibrium melting temperature of PE-crystals of 
infinite size was determined by Wunderlich to be mT  = 141.5 °C [178]. The value of 
 represents the 
surface free energy of the planes hosting the folded polymer chains. In the case of particles with a 
large lateral dimension, * becomes a function of the interfacial tension between the solvent and the 
amorphous polymer domain [179,180]. The plot in Fig. 27 illustrates the Gibbs-Thomson relation. 
Here, the red symbols represent the inverse lamella thicknesses obtained for the PE-nanoparticles 
analysed herein. The results reported by Rochette are indicated by the blue symbols [33]. For 
purposes of comparison, the predicted melting line for PE bulk material by Strobl is shown by the 
dashed line [177]. The slope of the correlation between T and 1 / LC is related to the surface free 
energy. Thus, the nanoparticles embodying higher order display a higher * (solid red line) than 
reported for the PE-nanocrystals investigated by Rochette et al. (solid blue line) [33]. This is due the 
absence of chain branching of the PE forming the high ordered crystallites discussed herein. The 
molecular stiffness and free energy needed for the stabilisation of amorphous loops increases with 
the degree of branches, which consequently limits the bending and rotation of the polymer 
 


















Fig. 27: Variation of the crystal thickness as consequence of the annealing of the PE-nanoparticles at 
different temperatures (red symbols). The circles represent samples below the predicted melting line 
(dashed line) for PE-bulk material [177]. Respectively, samples above are provided by open squares. The red 
star corresponds to the sample tempered at 150 °C being above the melting temperature of the nanocrystals 
determined by DSC. For comparison the data from previous studies are shown (blue symbols) [33]. 
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backbone. The lowest annealing temperatures (circles) are located below the theoretical melting 
line, whereas the values of 1 / LC observed for PE-nanoparticles annealed at 125 °C and 130 °C are 
located above (squares). Unfortunately, Rochette does not provide any data on the respective crystal 
thicknesses above 115 °C for comparison. The extrapolation represented by the solid lines in Fig. 27 
leading to T ≈ 182 °C correspond to infinitely long polymer chains, where the influence of the 
amorphous phase on the crystallisation vanishes [33]. The inverse crystal thickness for the sample 
annealed at 150 °C (star) does not follow these trends and the predictions made by the Gibbs-
Thomson relation. 
For a complementary analysis of the microstructural changes of PE-nanoparticles due to the 
annealing the WAXS intensities of respective dispersions were recorded at the ID02 beam line during 
the SAXS experiments. The plot in Fig. 28 displays the wide angle diffraction intensities of the 
investigated nano-platelets. The measured scattering intensities were corrected by the subtraction of 
the WAXS-intensities of a SDS-solution being the dispersion medium according to equation (51). This 
correction led to a significant over correction of the scattering intensities for q > 17.5 nm-1. For this 
reason only a qualitative interpretation of the data sets can be discussed. The measured diffraction 
signal of native PE-particles (Fig. 28, black line) demonstrates the significant reflection of monoclinic 
PE at q ≈ 14.0 nm-1. The two major reflections at q ≈ 15.6 nm-1 and q ≈ 17.2 nm-1 are primarily 
assigned to the orthorhombic modification. The annealing at 100 °C (Fig. 28, red line) led to the 
disappearance of the monoclinic reflection and an increase of the signal intensities corresponding to 
the orthorhombic phase. The monoclinic order is thus completely transformed into the stable 
orthorhombic one upon mild annealing. The annealing at 125 °C shows a slight decrease of the 
scattering intensity related to the crystalline domain, accompanied with an increase of the scattering 
intensities of the amorphous domain (Fig. 28, green line). This can be associated with the increasing 
intensity of the broad scattering signal at lower scattering angles relative to the orthorhombic  
 



























Fig. 28: WAXS-intensities of PE-nanoparticles after correction of the scattering contribution of the dispersion 
medium. The black curve represents the diffraction signals of native PE-nanoparticles showing a significant 
reflection at q ≈ 14.0 nm
-1
 corresponding to monoclinic PE. The blue, red, and green curves represent the 
diffraction signals of annealed samples.  
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Fig. 29: Schematic drawing representing a nanoparticle of linear PE formed by the catalytic active Ni-complex 
(red sphere). The polymer chain is stabilised by adsorbed SDS molecules and is rapidly added to the crystal 
growth front. The redirection and re-entry of the polymer chain takes place in the thin amorphous layer 
(grey layer) topping the crystalline domain (orange layer).  
150 °C, being above the melting temperature of the PE-crystallites, the signal intensity of the 
amorphous phase is significantly increased. The intensities corresponding to the crystalline 
reflections dropped contemporaneously (Fig. 28, blue line). 
In conclusion, the crystalline structure of the investigated PE-nanoparticles results from the low- 
polymerisation temperature and the catalytic properties of the employed Ni-complex (Fig. 17). The 
crystallisation at low temperatures and within the confined space of the emulsion droplets differs 
significantly from the crystallisation due to the super cooling of polymer melts [1]. In the present 
case, the crystallisation occurs due to the rapid embedding of the growing chain directly into the 
crystalline growth front as this is schematically displayed in Fig. 29. Here, the crystallisation appears 
to be as fast as the chain growth. This could be estimated from an extrapolation of the initial growth 
rate of 10 monomer units per second forming the homogeneous nucleus [181,182,183]. However, 
the thickness of the crystals must be defined in a very early stage of the growing process. The first 
polymer stems attached to the growth front have to be longer than a critical value to overcome the 
nucleation barrier created by an excess surface energy to minimize the bulk energy [17]. Moreover, 
the confinement provided by the droplets during the emulsion polymerisation and the chain growth 
taking place at the emulsion droplets interfaces leads to nanocrystals with a single growth front. 
Therefore, the formation of disordered segments or chain entanglements is virtually avoided. These 
particles can thus be termed “ideal nanocrystal” as the polymer chains are arranged in highly ordered 
way having virtually no defects or entanglements. The growing polymer chain and consequently the 
formed nanoparticles are stabilised by the absorbed surfactant molecules as this is illustrated in Fig. 
29. The PEG molecules represented by the blue coils in Fig. 29 are supposed to be attached to the 
particle surface contributing to the polar phase and consequently supporting the particle 
stabilisation.  
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6.1.2. Nanoparticles of precisely branched polyethylene  
Semi-crystalline nanoparticles composed of precisely methyl-branched PE were obtained from the 
ADMET-polymerisation of branched monomers in a secondary emulsion process [135]. The polymer 
carries a single methyl group at every 21st carbon atom along the polymer backbone.  
Studies of quick frozen dispersions were performed in order to reveal the morphological 
characteristics of nanoparticles formed by the branched PE TEM-analysis of the dried dispersions and 
respective cryo-TEM. The corresponding micrographs revealed anisotropic shaped particles with a 
high grade of polydispersity and a doubtless polymorphology (Fig. 30). However, these images 
display a core-shell architecture, where the particle centre exhibits a phase of denser material. This 
appears darker in the micrographs and can be associated with the crystalline core of the 
nanoparticles. This domain is surrounded by lighter material, which can be assigned to the 
amorphous arrangement of the polymer chains. The light amorphous PE is not contrast matched as 
discussed for the linear PE investigated under cryogenic conditions (refer to chapter 6.1.1). The 
particles possess an equatorial diameter of approximately 50 nm. The tilting of the samples by 60° 
reveals their oblate-like shape with a total height of approximately 10 nm to 20 nm. Moreover, the 
cryo-TEM micrograph in Fig. 30 d) shows an irregular particle with a central core exhibiting an 
increased electron density, similar to the observation made by TEM. The particle shell that is 
composed of light amorphous material is visible. The visibility of the amorphous domain results from 
a slightly increased electron density within the amorphous domain compared to the one found for 
non-branched PE (refer to section 6.1.1.). 
 
Fig. 30: a) TEM micrographs of semi-crystalline nanoparticles from a dried dispersion of branched PE-
nanoparticles. b) Magnification of a single PE-nanoparticle. c) Nanoparticles investigated by tilting the 
sample stage by 60° towards the probing electron beam. d) Cryo-TEM micrograph obtained from a plunge 
freeze PE-nanoparticle dispersions.  
SAXS measurements  
A contrast variation series analysed by SAXS was performed in order to confirm the core-shell 
structure found by electron microscopy. For this purpose, the scattering intensities of the 
nanoparticles dispersions containing different amounts of glucose were measured. Herein, the sugar  
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Fig. 31: SAXS-intensities obtained from a contrast variation series of nanoparticles of precisely branched PE 
using glucose as contrast agent. The sugar concentration was increased from bottom to top from 0 wt%, 
4.5 wt%, 7 wt%, 15 wt%, to 22 wt% glucose content. The inset shows the SAXS-intensities of sugar solutions 
containing 1.5 wt% of DTAC. The symbol and colour code for the respective glucose content is the same as 
used in the main graph. The surfactant content is appropriate to the one used for the nanoparticle 
dispersions. The absolute calibrated data are shown without further treatment.  
was used as contrast agent. Additionally, sugar solutions with an appropriate content of the 
surfactant DTAC were investigated for a sufficient background correction. The corresponding sample 
compositions are provided in Tab. 5 and the associated original SAXS-intensities are reflected in Fig. 
31. The plot illustrates the scattering curves as obtained after the final data reduction. The inset 
displays the corresponding SAXS-intensities of sugar solution containing DTAC in appropriate 
amounts to those of the investigated nanoparticle dispersions. Here, a broadened scattering 
intensity signal around q ≈ 0.7 nm-1 can be observed. This can be associated with the scattering 
contribution of DTAC-micelles. Furthermore, the shape of the scattering curves appears to be 
dependent on the scattering contrast. The small angle scattering of several commonly used 
surfactants was reported by Prevost [155]. Contrast variation studies using X-ray scattering of self-
assembled systems were reported elsewhere but should not be the focus of the present 
investigations [184,185]. For the analysis of the scattering intensities deriving solely from the PE-
particles, the contribution of the dispersions media, namely the glucose solutions had to be 
considered. In particular, the scattering intensities contributed by the surfactant molecules had to be 
taken into account. In the first instance, the scattering intensities of the sugar solutions were 
subtracted from the SAXS-intensities of the corresponding nanoparticle dispersions according to 
equation (51). This procedure led to a non-satisfying result, as the high-q region was significantly 
influenced by the small angle scattering of the free DTAC-micelles. The structures formed by the self-
assembling surfactant molecules and therefore their specific small angle scattering appeared to be 
strongly dependent on the composition of the dispersion. The subtraction following equation (51) led 
to an over-correction of the scattering intensities at larger q-vectors. In this case, one important issue 
is the different amount of free DTAC-micelles in the nanoparticle dispersions and in the solutions  
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Fig. 32: SAXS-intensities corrected by the contribution of the dispersion media normalised by . The symbol 
and colour code is adapted from Fig. 31. For reasons of clarity the four lowermost intensities were 







used for the correction of the respective particles. Hence, these molecules cannot contribute to the 
formation of free micelles. The employed surfactant concentration was tested to be the lowest 
concentration, suitable for the proper stabilisation of the dispersed nanoparticles. Therefore, the 
additional small angle scattering intensities generated by the self-assembled structures were 
corrected as follows. The scattering intensities beyond q = 1 nm-1 were fully assigned to those 
contributed by the DTAC-micelles. Thus, the scattering intensities of a DTAC-solutions at a provided 
contrast were multiplied by an arbitrary factor to match the scattering intensity of the respective 
nanoparticles dispersion above q > 1 nm-1. Nevertheless, only the evaluation of the corrected 
scattering intensities was suitable for values of the scattering vector of q < 0.7 nm-1, as this is 
illustrated in Fig. 32.  
From the analysis of the scattering intensities at vanishing scattering angles, the initial molecular 
parameters were calculated using the Guinier-relation given by equation (14). The corresponding 
Guinier-plot is illustrated in Fig. 33, whereas the results of the analysis are tabulated in Tab. 5. From 
the variation of bm only a minor influence on RG was observed, whereas the intensities of the particle 
forward scattering reveal a significant trend. The correlation leading to bP and VP using equation (27) 
is illustrated in Fig. 34. The respective particle volume was determined with VP = 36000 ± 3000 nm
3, 
whereas the correlation reveals an average particle scattering length density of 
bP = 8.71 ± 0.04 10
10 cm-2. The obtained bP is smaller than the value bm of neat water (Tab. 5). The low 
scattering length density indicates a low packing density of the PE-chains within the nanoparticles. 
Therefore, the precisely placed methyl branches along the chain significantly contribute to formation 
of a less dense packing than this is found for the bulk material of linear PE [186]. The influence of the 
branching on the polymer crystallisation was intensively discussed in the literature [38,39,48,95]. As 
the short methyl branches are supposed to be incorporated into the crystalline stack, they influence 
the order within semi-crystalline structure [35,38,92]. With bP the individual scattering contrasts b 
were calculated.  
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Tab. 5: Overview on the samples composition of the contrast variation series of nanoparticles composed of 



















0 0.96 0.0107 9.42 0.9974 22.0 ± 2.3 19.2 ± 0.2 
4.5 0.96 0.0109 9.55 1.0164 22.0 ± 2.4 29.1 ± 0.4 
7 0.96 0.0110 9.63 1.0315 22.0 ± 2.4 32.7 ± 0.6 
15 0.96 0.0113 9.91 1.0503 22.1 ± 2.5 61.2 ± 1.0 
22 0.96 0.0116 10.16 1.0503 22.3 ± 2.6 86.3 ± 1.4 

























Fig. 33: Guinier-plot: Linearised forward scattering intensities from the contrast variation series of 
nanoparticles formed by branched PE. The symbol and colour code is taken from Fig. 31. 
The particle dimensions at infinite contrast were determined from the extrapolation as a result of 
equation (29). This correlation is illustrated in Fig. 35. It leads to RG∞ = 22.4 ± 2.8 nm, which is in the 
range of the values obtained by the Guinier-analysis. A measure for the electron distribution within 
the nanoparticle is provided by the parameter  that is defined by equation (31). The corresponding 
value was determined with  = (1.20 ± 0.68) 10-3. The positive value indicates an increased electron 
density in the particle periphery [187]. The outermost part of the particles is composed out of light 
amorphous PE. Therefore,  correlates with the adsorbed surfactant molecules at the particle 
surface. These molecules contribute electron density deriving from their polar head groups [155]. To 
illustrate the influence of the scattering contrast Fig. 36 shows the scattering intensities normalised 
by  and b2. This correlation reveals the low-q regime, which is related to the outermost regions of 
the particle, to be almost independent from the variation of bm. The influence becomes more 
prominent for q > 0.2 nm-1, where the scattering intensities vary significantly. The high-q region 
correlating with shorter length scales in real space can be associated with the particles inner 
structure. Furthermore, the plot elucidate that the presence of the micellar structures influences the  
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Fig. 34: ‘Square root’-plot: Dependence of the forward scattering intensities as a function of the scattering 
length density of the dispersions medium bm. 






















Fig. 35: Stuhrmann-plot: Radius of gyration as a function of the scattering contrast b. 
angular regime above q > 0.7 nm-1. Here, the subtraction of the corresponding scattering 
contribution of the DTAC-micelles appears non-sufficiently realised. 
For a more comprehensive determination of the particles shape and the internal structure the 
scattering intensities I(q, b) were decomposed as a function of b. This method allows the 
determination of the particle shape by its specific scattering contribution unaffected by the 
contribution arising from the particles inner structure (refer to section 3.5). Employing equation (23) 
the parabolic fits lead to the contributions of IS(q), ISI(q), and II(q) respectively. For selected q-values 
the scattering intensities normalised by  and the fits corresponding to formula (23) are illustrated in 
Fig. 37. This illustrates the decomposition to be sensitive in the low-q region, where the intensities  
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Fig. 36: Scattering intensities of nanoparticles of branched PE normalised by  and b. The symbol and 
colour code corresponds to Fig. 31. 















































Fig. 37: Scattering intensities for selected q-values as a function of the scattering contrast bThe solid lines 
represents the parabolic fit according to equation (23). 
tend to an intensity minimum. The correlation for q = 0.62 nm-1 shows a divergence from this trend, 
which becomes more dominant for higher q-vectors. For this region the decomposition must be seen 
as insecure for the reasons already outlined. However, the contrast decomposition processed over 
the total accessible q-range reveals the partial scattering intensity IS(q), which refers solely to the 
overall shape of the particles as illustrated in Fig. 38. Obviously, IS(q) display no characteristic q-
dependence as this is known for common monodisperse spheroids [4,188]. This could be explained 
by a rather high polydispersitiy of the investigated sample that smear out these characteristics. The 
data of IS(q) were modelled best with the particle scattering factor of polydisperse oblate-like 
ellipsoids [189,190]. The length of the equatorial-axis was thus determined with Req = 23.8 ± 8.8 nm 
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and the perpendicular semi-axis was found to be Rp = 4.9 ± 1.8 nm. For the respective calculation a 
LogNorm size distribution was employed. These fit parameters also describe the calculated particles 
dimensions from the analysis of the scattering at vanishing q-values. Moreover, the dimensions are in 
the range of the values determined by electron microscopy. Additionally, other geometrical bodies 
were tested to fit the data of IS(q). The fit for a polydisperse sphere having a diameter d = 27 ± 10 nm 
shows significant deviation especially for higher q-vectors. The corresponding particle volume differs 
from the extracted values from the analysis of the low-q regime. The scattering contribution 

































Fig. 38: Scattering intensities IS(q) correlating with the particles shape as derived from the contrast 
decomposition procedure. The solid red line corresponds to the fit for an oblate-shaped ellipse, whereas the 
dashed line corresponds to a spherical particle.  








































Fig. 39: Scattering intensities corresponding to the inner-term II(q) (red squares) and for the cross-term ISI(q) 
(black circles) as obtained from the contrast decomposition according to equation (23) 
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extracted. The contribution of II(q) shows the significant decrease of the scattering intensities 
towards low-q values between 0.2 nm-1 < q < 0.3 nm-1. Therefore, the decomposed scattering 
intensities do not affect each other in this specific q-region. The further data analysis testing different 
geometrical bodies to model II(q) could not reveal additional structural characteristics.  
WAXS measurements 
The crystal structure of the nanoparticles was studied by WAXS measurements from a precipitated 
sample. The measured WAXS-intensities are provided in Fig. 40, whereas the position and relative 
intensity of the corresponding diffraction signals are tabulated in the Tab. 6. The analysis revealed 
the semi-crystalline structure of the investigated nanoparticles. The crystallinity of the investigated 
nanoparticles was estimated with C-WAXS ≈ 41 % by comparing the respective signal integrals with 
those of the molten sample. This value is in good agreement with the crystallinity determined by 
DSC-measurements, which reveals C-DSC ≈ 42 %. The main diffraction signals for the PE-nanoparticles 
were observed at 2 = 19.17° and 2 = 21.92°. These signals are shifted to smaller scattering angles 
compared to those of the classical orthorhombic phase observed for linear PE [156]. This can be 
explained by an expansion of the lattice cells due to the incorporation of the methyl branches into 
the crystalline domain. The presence of just a few further and rather weak diffraction signals 
impeded the evaluation of the diffraction data. Moreover, the evaluation of the crystal plane 
reflections from polymer crystals has to consider molar mass distribution effects that broaden or 
smear out diffraction signals, for example. The further analysis was performed using the Crysfire 
Suite developed by Shirley [191]. Herein, the procedures reported by Taupin [192], Werner [193], 
and Boultif [194] were tested with the extracted reflections. The procedure reveals crystal unit cells 
with a tendency towards the monoclinic crystal modification. The further refinement of the 
suggested unit cells step was performed with the program CHECKCELL by Laugier and Bochu [195]. 
 















Fig. 40: WAXS-intensities obtained from nanoparticles of precisely branched PE. The open black dots 
represent the measured scattering intensities. The solid red line corresponds to the fit calculated by the 
routine of “Le Baile” based on a monoclinic unit cell.  
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Tab. 6: Position and relative intensities of the diffraction signals of semi-crystalline nanoparticles of methyl-




° Å % 
19.17 4.63 100 
21.92 4.05 86 
25.72 3.46 2 
35.31 2.54 2 
39.20 2.30 1 
41.08 2.20 5 
54.16 1.69 1 
Herein, the predicted cells and their corresponding reflection could be compared to the observed 
scattering pattern. The best match was obtained for a monoclinic cell from the space group P2 having 
the following parameters: 
a = 9.42 Å, b = 2.64 Å,  c = 4.12 Å,   = 90°,  = 101°,  = 90°
The density calculated for the crystalline phase composed out of these unit cells reveal a density of 
crys = 0.93 g cm
-3. The refinement using the software Fox (version 1.9.7.0 R1312) by Favre-Nicolin 
and Černý [196,197] led to the fit provided by the red solid line in Fig. 40. Herein, the cell parameters 
were optimised based on the original dataset with respect to the contribution of the amorphous 
phase. The procedure reveals a slightly modified unit cell with: 
a = 9.38 Å, b = 2.62 Å,  c = 4.13 Å,   = 90°,  = 101°,  = 90° 
The corresponding density of the unit cell was calculated using crys = 0.93 g cm
-3. This value is 
significantly smaller than the values known for crystalline PE composed of non-branched chains 
[186]. Estimating that the average particle scattering length density determined from the contrast 
variation series by SAXS solely refers to the branched PE, leading to a corresponding mass density of 
 = 0.9  0.04 g cm-3. Calculating the crystal fraction from the partial densities of the crystalline and 
amorphous phase resulted in C-density ≈ 40 %. This value is within the range of the values determined 
by WAXS and DSC.  
Similar results according to the crystalline structure of PE with precise branching had been reported 
previously. Lieser and co-worker assigned a triclinic unit cell according to Turner-Jones [198] to the 
wide angle reflections from a bulk material of PE carrying methyl groups at every 21st carbon [92]. 
The density of the crystalline phase was calculated with crys = 0.91 g cm
-3. Compared to this, Qiu et 
al. determined a monoclinic unit cell for bulk sample having a similar microstructure [93]. A reduced 
lattice symmetry is considered to enhance the packing of the pendant groups. Herein, the methyl 
groups are supposed to redistribute to a defect plane within the lattice, consequently reducing the 
free volume. Wagener and co-worker discussed the influence of the length of the precisely placed 
branches [38,40]. They demonstrated that only methyl and ethyl branches are incorporated into the 
lattice cell, whereas longer ones are excluded from the unit cell. The branches are also preferred 
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position for chain folding. An induced chain fold was discussed for alkanes with precisely placed 
chlorines [199]. The voluminous amorphous phase observed by TEM, which was furthermore found 
by complementary WAXS-analysis and can be explained as the consequence of the reduced 
reordering ability of the polymer chains. This results from the steric hindrance arising from the 
branching along the polymer backbone. Thus, the redirection of the polymer chain towards the 
ordered phase is impeded due to the formation of loops and entanglements.  
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6.2. Core-multishell (CMS) nanoparticles 
The focal point in the following section will be the analysis of the spatial structure of molecules based 
on hyperbranched polymers. Herein, hyperbranched polyglycerol is one of the most relevant and 
versatile representatives [75,80,81,82]. Moreover, it is the major building block of a variety of 
structures with versatile applications [200,201,202]. Thus, the detailed analysis of the hPG will 
further support the comprehensive investigations on the spatial structure of CMS-nanoparticles. 
6.2.1. Hyperbranched polyglycerol 
6.2.1.1. Microstructure analysis 
The investigated hyperbranched polyglycerol was obtained by the polycondensation of glycidol. The 
synthesis follows the protocol developed by Sunder and co-worker [138], which was recently 
modified by Paulus [136]. The analysis of the molecular microstructure was realised using 1H and  
13C-NMR spectroscopy. The NMR spectra are illustrated in the appendix (Fig. S 2 and Fig. S 3). This 
procedure reveals the degree of branching (DB) and the degree of polymerisation (DP) from the 
relative signal intensities determined from the 13C-NMR spectra (Fig. S 2, Tab. 7) employing the 
















  (57) 
The signal intensities of the 1, 3 linear segments and those of the 1, 4 linear segments are provided 
by L*13 and L*14. The dendritic units are represented by D* and the terminal ones by T* respectively. 
The value of f describes the functionality of the initial unit being TMP in the present case. These 
structure elements are schematically illustrated in Fig. 41.  
 
Fig. 41: Schematic representation of the polycondensation of ABf - monomers forming hyperbranched 
architectures. The different structural units are highlighted.  
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ppm   % 
L*13 82.0 – 81.0 1 terminal (T) 34 
D* 80.5 – 79.5 2.22 linear 1,3 (L13) 12 
2 L*14 74.5 – 73.5 4.38 linear 1,4 (L14) 27 
2 D*, 2 T* 73.5 – 72.0 9.41 dendritic (D) 27 
L*13, L*14 72.0 – 70.5 3.24   
T* 65.0 – 64.0 2.72   
L*13 63.5 – 62.0 1.02   
The corresponding values were determined with DB = 0.59 and DPn = 0.48. With respect to the 
molecular weight of the monomer and the initial unit (refer to section 5.1.3), a number weighted 
molecular weight of Mn-NMR = 3.69 kg mol
-1 was calculated.  
6.2.1.2. Small Angle Scattering 
For the analysis by TOF-SANS, the hPG was dissolved in pure D2O and studied in a concentration 
series. The respective scattering contribution of the dispersion media was subtracted from the 
measured scattering intensities of the polymer dispersions employing equation (51). The corrected 
scattering intensities illustrated in Fig. 42 show a characteristic q-dependence that was also found in 
earlier studies on hyperbranched polymers [88,89,90]. Here, the scattering intensities show a 























Fig. 42: TOF-SANS-intensities as a function of q from a concentration series of hPG dispersed in D2O. The 
SANS-data were corrected by the scattering contribution of the dispersion medium and S(q). From bottom to 
top: dispersions with increasing polymer weight fraction  (0.5 wt%, 1 wt%, 2 wt%, and 3 wt%).  
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However, this feature was not discussed in detail or was simply poorly resolved due to a limited 
instrumental resolution in the high-q sector [89]. 
The concentration series served for the determination of the scattering intensities for infinite dilution 
I0(q) [103,105]. For the investigated concentration range I0(q) could be extrapolated with good 
accuracy from the linear correlation between  / I(q, ) and . For selected q-values this dependence 
is illustrated in Fig. 43. The scattering intensities normalised by , as shown in Fig. 44 reveal the 
influence of the inter-particle correlation in the low-q regime even for small particle volume  
 





























Fig. 43: Correlation of the scattering intensities I(q, ) and the polymer volume fraction for selected  























Fig. 44: TOF-SANS-intensities normalised by as obtained from hPG dispersed in D2O. The colour and symbol 
code is adapted from Fig. 42. The extrapolated scattering intensity for vanishing concentration I0(q) are 
represented by open circles.  
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fractions, which can be deduced from the variation of the scattering intensities at small magnitudes 
of q. However, for the lowest measured q-values a slight increase of the intensities can be observed. 
The structure factor S(q) was determined employing equation (13). 
With respect to the limiting case of small q-values and finite volume fractions, S(q) is a function of the 
osmotic compressibility. It can, therefore, be expanded as a function of the polymer volume fraction 
for the determination of an effective correlation distance deff deriving from [5,105,111]: 
 
...321
























Here, Bapp and Capp are the apparent second and third virial coefficient. The value of deff is correlating 
with an effective distance between interacting particles in solution and can be determined from the 
linear correlation of 1 / S(q) and q2 at small magnitudes of the scattering vector (Fig. 45). The 
correlation illustrated in Fig. 46 is used for the determination of S(q) at vanishing scattering vectors 
S(0) from the respective intercepts of the linear correlations. The corresponding results are provided 
in Tab. 8.  
The theoretical neutron scattering length density of hPG was calculated by equation (2) to be 
bneutrons = 0.927·10
10 cm-2. Hence, the scattering contrast for the molecules dispersed in D2O was 
calculated with b = -5.431·1010 cm-2. The analysis of I0(q) by equation (14) reveals the dimension of 
the polymers in solution characterised by its Guinier-radius being RG = 2.7 ± 0.1 nm (Fig. 47). 
However, RG gives the radius of the polymer with respect to the centre of mass. These dimensions 
are smaller compared to the value of RH determined by angular dependent DLS from highly diluted 
dispersion [203,204]. Here, a hydrodynamic radius of RH = 3.8 ± 0.1 nm was obtained. Furthermore,  
 







  = 0.0268
  = 0.0177
  = 0.0089











Fig. 45: Correlation of 1 / S(q) and q
2 
for the determination of the effective interaction diameter deff. The 
colour and symbol code is adapted from Fig. 42. 
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Fig. 46: S(q) as a function of q
2
 used for calculating S(0). The colours and symbols are taken from Fig. 42.  
Tab. 8: Overview on the concentration series of the hPG dispersed in D2O as investigated by TOF-SANS.  
  deff (S(0)) deff (S(q
2
)) S(0)exp 
wt%  nm nm  
3.04 00268 2.8 ± 1.0 2.9 ± 1.0 0.75 
2.01 0.0177 2.9 ± 1.0 2.9 ± 1.0 0.82 
1.01 0.0089 3.1 ± 1.0 3.0 ± 1.0 0.89 
0.49 0.0044 2.8 ± 0.9 3.0 ± 1.0 0.96 
0.17 0.0015 - - - 





















Fig. 47: Linearised scattering intensities I0(q) of hPG dispersed in D2O. The solid red line corresponds to the 
linear fit according to the Guinier-formula (14).  
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a weight averaged molecular weight of Mw = 6.8 ± 0.4 kg mol
-1 was determined from the Guinier-
regime of I0(q). These values are important key parameters for the further evaluation of the CMS-
nanoparticles. Comparing the values of RG and deff demonstrates that the effective interaction 
distance is smaller as expected for non-charged hard spheres. For this limiting case, deff ≈ 2 RG holds 
[105,111]. 
A general approach to analyse the charcteristic scattering of the hyperbranched polymers is the 
decomposition of I0(q) with respect to the fractal-like structure of the hyperbranched scaffold. 
Meanwhile, the fractal approach for objects embodying self-similarity [205,206,207,208] became 
widely accepted for the characterisation of structural issues from polymer science 
[209,210,211,212,213]. The radial distance distribution g(r) of fractals was introduced by de Gennes 
[214]. The corresponding power law decay was established by Sinha and co-worker [205].  
     /  3 rhrArg fDfractal

  (60) 
Here, A is a scaling constant and h(r/) is the cut-off function that is related to the perimeter of the 
fractal structure. The correlation length  represents the distance above which the mass distribution 
within the fractal structure is no longer described by the respective power law. The influence of 
different cut-off functions used for the analysis of fractal-like arrangements was reviewed by 
Sorensen [207,215]. Here, the exponential cut-off provided by equation (61) is one of the most 














exp/rh exp  (61) 
The corresponding analytical calculation of the Fourier transform of g(r) was reported by Sinha 






























  (63) 
The fractal dimension is related to the spatial distribution of the self-similar objects [217]. Usually, 
when it comes to dissolved polymers, a non-integer power law is found. This correlates with the well-
defined decrease of the segment density emanating from the centre of mass. For polymers dissolved 
in their respective good solvent, low values of Df with Df > 2 can be detected for the swollen 
structure. For the theta-solvent condition, Df = 2.3 is found. Polymers dissolved in their respective 
poor solvents or with increased branching reveal higher values of Df due to an increased space filling 
[87,212,218].  
The decomposition according to the fractal approach illustrated by Fig. 48 is based on the recent 
discussion provided by Burchard [91]:  
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  (64) 
Here, the decomposition into contributions arising from the fractal-like arrangement of the 
segmental sub-units and their specific scattering contribution was analysed. The weight averaged 
degree of polymerisation DPw was determined from the Mw-TOF SANS and the molecular weight of the 






 I(q) (   0) 
 I(q) - segmental contribution
 I(q) - fractal contribution















Fig. 48: I0(q) as obtained by the analysis of the concentration series of hPG dispersed in D2O measured by 
SANS. The dashed green line represents the fit according to equation (62) related to a fractal structure with 
Df = 2.8. The dashed blue line represents the contribution of the segmental structure. The solid red line 






 I(q) - segmental contribution
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Fig. 49: SAXS-intensities of the hyperbranched polyglycerol dispersed in H2O. The solid line represents the fit 
according to equation (64). 
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Tab. 9: Overview on parameters employed for the analysis of hyperbranched polyglycerol by SANS and SAXS 
measurements. The data were obtained from the decomposition procedure provided by equation (64). 
  
SAXS SANS 
RG-fractal nm 2.75 2.75  
D 
 
2.8  2.8  





 2.06 -5.431 
in Fig. 48. Here, the scattering contribution of the fractal-like structure is illustrated by the dashed 
green line. The computation of equation (72) employs RG-fractal = 2.75 nm and a respective fractal 
dimension of Df = 2.8. This is related to a rather dense arrangement within the hyperbranched 
scaffold, consequently resulting from the high degree of branching (refer to section 6.2.1.1). The 
contribution of the segmental units normalised by DPw as represented by the dashed blue line in Fig. 
48 revealed a respective radius of gyration of RG-segments = 0.3 nm. 
Additionally, the hyperbranched polymer was analysed by SAXS measurements. Even then, the 
scattering contrasts are different for neutrons and X-rays, and the q-dependence of the scattering 
intensities appears similar (Fig. 49). The scattering length density of the hPG for X-ray photons was 
calculated to be bX-ray = 11.48·10
10cm-2. This gives a scattering contrast of b = 2.06·1010cm-2 for the 
particles dispersed in water. There were no data of concentration series available for the 
extrapolation of I0(q). Nevertheless, fitting the data applying equation (64) under consideration of the 
respective polymer volume fraction revealed the fit represented by the solid red line. The scattering 
contribution of the fractal-like structure is characterised by RG-fractal = 2.75 nm and a fractal dimension 
of Df = 2.8. The dashed blue line displays the contribution of the segmental units normalised by DPw. 
Here, a radius of gyration of RG-segments = 0.3 nm was calculated. These structural parameters are in 
good agreement with the data obtained by SANS (Tab. 9).  
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6.2.2. Core-multishell (CMS) nanoparticles  
6.2.2.1. Light scattering 
The hydrodynamic dimensions of the CMS-molecules dispersed in aqueous surrounding were 
determined by DLS measurements [140]. The evaluation of the auto-correlation functions of highly 
diluted samples revealed the corresponding relaxation rates (q) at different scattering angles . The 
correlation between  and q2 illustrated in Fig. 50 demonstrates a linear dependence [140]. The 
translational diffusion coefficient DT can be calculated from the slope of the correlation. The related 
hydrodynamic mean radius was determined from the Stokes-Einstein relation with RH = 8.9 ± 0.4 nm 
[140]. The evaluation of the auto-correlation functions for measurements carried out at  = 90° and 
T = 25 °C employing the CONTIN-algorithm [139] reveals the size distribution demonstrated by the 
blue line in Fig. 52 with a corresponding distribution width of approximately 5.0 nm.  
Additionally, non-polar dispersions of the CMS-molecules were tested at T = 25 °C. The molecules 
dispersed in chloroform revealed a hydrodynamic radius of RH = 6.1 ± 0.3 nm. This value is 
significantly smaller as the corresponding one obtained from the aqueous dispersion. This is an 
evidence for substantial structural changes of those molecules when being dispersed in non-polar 
media. For CMS-nanoparticles dispersed in toluene no evaluable auto-correlation functions were 
obtained.  
The general hydrodynamic dimensions of the CMS-particle in polar and non-polar dispersions 
determined by DLS measurements are below 10 nm. Thus, these particles appear highly suitable for 





































Fig. 50: Relaxation rates  as a function of q
2 
as derived from CMS-nanoparticles dispersed in H2O and 
measured at 25°C (open symbols) and respective linear regression (red solid line).  
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Fig. 52: Results from the CONTIN-analysis of the auto-correlation functions ( = 90°) of CMS-nanoparticles 
dispersed in H2O at 25 °C (blue line) and 60 °C (red). 
The influence of the temperature on aqueous CMS-nanoparticles dispersions was examined in the 
range 20 °C < T < 60 °C (Fig. 51). A significant size trend was observed. It reveals a considerable 
increase of the hydrodynamic particle size above 35 °C and a maximum size was reached at 55 °C. 
The CONTIN-analysis gave RH ≈ 42 nm with a corresponding distribution width of approximately 
22 nm (Fig. 52, red line). The sample was measured several times and thus revealed a full 
reversibility. The size trend can be explained by coagulation of individual CMS-molecules to form a 
secondary structure of well-defined size during the heat treatment. The well-behaved formation of 
secondary structures might have a promising purpose in further studies of the encapsulation 
properties of the CMS-nanocarriers as their efficiency and capacity can significantly be influenced.  
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The effective encapsulation of guest molecules of different composition is one of the major 
advantages of this nanocarrier system [58,59,60,61,63]. To mimic common active agents, dye-
molecules with a similar hydrophilicity were used. Furthermore, using dyes allowed their tracking by 
common lab instrumentation as for instance UV-Vis spectroscopy [58]. For the present investigations 
the azo-dye Congo red was used as polar guest molecule and the dye-carotene as corresponding 
non-polar representative (Fig. 53). The measurements addressed to the embedding of the dyes were 
performed with suspensions of CMS-molecules with a weight fraction of approximately 
CMS ≈ 0.01 wt%. The respective dye concentration was in the millimolar range. The measurements 
were performed in the solvent and additionally in the corresponding non-solvent of the dye 
molecules, realised by a preceding solvent exchange. The DLS measurements reveal a significant 
increase of the hydrodynamic radii after addition of the dye molecules to mixtures of the CMS-
particles and the respective non-solvent of the dye (Fig. 54). The Congo red containing dispersion 
with chloroform as medium show a sharp peak at RH = 36 ± 2 nm. In comparison the -carotene 
containing sample shows a broad size distribution with a maximum at RH = 46 ± 5 nm. A minor peak 
within this broadened distribution was found at approximately RH ≈ 15 nm. This can be explained 
with the encapsulation of the non-miscible dye molecules within a supramolecular host structure 
 
  

























Fig. 54: CONTIN-analysis of auto-correlation functions of CMS-molecules charged with the polar dye Congo 
red measured in chloroform (red curve) and respectively non-polar -carotene (blue curve) in water. The 
measurements of the encapsulated dye molecules were carried out in the corresponding non-solvent of the 
dye molecules at 25 °C.  
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formed by the CMS-unimers. The presence of the guest molecules initiates the formation of these 
superstructures [59,60,219]. The recent investigations underline the results from earlier reports. 
Nevertheless, the spatial distribution of the guest molecules within these aggregates cannot be 
investigated by DLS. For a clarification of the embedding mechanism further analyse of the CMS-
nanocarrier structure and the structure of the supramolecular aggregates by complementary 
methods is essential. 
6.2.2.2. Cryogenic Transmission Electron Microscopy – cryoTEM 
Cryogenic sample preparation in conjunction with TEM analysis was already successfully 
accomplished by Radowski and co-worker in order to reveal the general morphology of their CMS-
particles and to follow the formation of supramolecular aggregates by the encapsulation of model-
guest molecules [58]. For the present analysis, the CMS-nanoparticles based on hPG were studied in 
a highly diluted aqueous dispersion. The representative micrographs illustrated in Fig. 55 depict the 
CMS-particles as dark shaded dots embedded in the matrix of vitrified amorphous ice. The shape of 
the dispersed molecules can be described as almost spherical. The statistical evaluation revealed a 
corresponding radius of these spheroids of R = 5.3 ± 3.2 nm. These dimensions are in agreement with 
the data from the DLS experiments as the hydrodynamic radius is expected to be larger than the real 
dimensions of the probed structures. Nevertheless, the limited contrast of the polymer to the 
surrounding matrix and the limited resolution of the method for sizes below 10 nm should be taken 
into account. Moreover, this technique is not suitable to answer issues on the microstructure of the 
CMS-particles. The micrographs show the tendency of the CMS-nanoparticles to form anisotropic 
aggregates composed of just a few CMS-nanoparticle unimers. 
For the verification of the temperature dependent size trend determined by DLS (refer to section 
6.2.2.1) an aqueous dispersion of CMS-particles was slowly tempered to 60 °C and plunge freeze for 
the analysis by cryo-TEM (Fig. 56). The sample depicts the formation of supramolecular aggregates 
with a diameter between 100 nm and 200 nm. These dimensions are above the values determined by  
 
 
Fig. 55: Cryo-TEM micrographs of diluted aqueous dispersions of CMS-nanoparticles. 
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Fig. 56: Cryo-TEM micrographs of a dispersion of CMS-nanoparticles tempered to 60 °C and plunge freeze 
after equilibration.  
the DLS analysis. Moreover, the micrographs reveal structures with a certain polydispersity and 
polymorphology. This must be explained by the preparation of the dispersions at increased 
temperatures. During the DLS experiments a continuous increase of the temperature of 
approximately 0.5 K to 1 K per ten minutes could be realised, leading to aggregates with a narrow 
size distribution whose formation could be followed online. During the sample preparation for 
investigations by cryo-TEM, this precise temperature control could not be realised.  
 
6.2.2.3. Small Angle Neutron Scattering – SANS 
Non-polar CMS-nanoparticle dispersions 
The analysis of the CMS-particles dispersed in non-polar surrounding are of particular interest for the 
evaluation of the basic molecular parameters. Furthermore, it will improve the understanding of the 
universal solubility of the CMS-structure and the host-guest process in a potential drug delivery 
application [58,59]. Furthermore, this opens up insight into the processes that permit the CMS-
particles to interact with lipid membranes during the transport of active agents to the site of action 
[59,60,61,62]. 
Variation of the CMS-nanoparticle concentration 
To validate the influence of inter-particle correlations between the CMS-particles, a concentration 
series using pure toluene D-8 as dispersion medium was analysed. The respective compositions of 
the samples are provided in Tab. 10. The correcting of the SANS-intensities employing equation (51) 
yielded the intensities displayed by the solid symbols in Fig. 57. From the normalised scattering 
intensities, the influence of the inter-particle interactions appear less prominent as this was found 
for the hyperbranched scaffold molecules dispersed in D2O (refer to section 6.2.1.2).  
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Fig. 57: SANS-intensities of CMS-nanoparticles dispersed in toluene D-8 normalised by  as obtained from a 
concentration series. The extrapolated SANS-intensities for vanishing particle volume fraction I0(q) are 
provided by respective open symbols. 
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Fig. 58: Correlation between I(q, ) and for selected q-values. The solid lines represent the extrapolation 
for vanishing . 
The scattering intensities at infinite dilution I0(q) were extrapolated from the correlation between 
 / I(q, ) and  (Fig. 58), which are respectively provided by the open symbols in Fig. 57. Only at the 
highest q-values this extrapolation is affected by poor statistics of the measured small angle 
scattering. With respect to equation (13) the structure factor S(q) was calculated.  
The analysis of S(q) at small q-values was used for the determination of the effective inter-particle 
distance and S(0) by the equations (58) and (59). From the correlation between 1 / S(q) and q2 the 
corresponding deff was determined to be approximately deff ≈ 9 nm (Fig. 59). The analysis of the 
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Tab. 10: Overview on the concentration series of CMS-nanoparticles in non-polar dispersions analysed by 
SANS. The scattering intensities were analysed with respect to the influence of inter-particle correlations 
using equations (58) and (59). 
  deff (S(0)) deff (S(q
2
)) S(0)exp 
wt%  nm nm  
1.95 0.0176 9.3 ± 0.6 7.1 ± 0.4 0.73 
1.00 0.0090 - - - 
0.80 0.0073 9.9 ± 0.6 8.1 ± 0.1 0.84 
0.60 0.0054 9.3 ± 0.6 8.7 ± 0.1 0.89 
0.39 0.0035 - - - 





  = 0.018
  = 0.007











Fig. 59: 1 / S(q) as a function of q
2
 for the calculation of deff according to equation (58). 
























Fig. 60: Extrapolation towards vanishing q
2
 of the scattering vector for the determination of S(0). 
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forward-scattering regime of I0(q) (Fig. 61) using the Guinier-equation (14) reveal the particle 
dimension with RG = 5.9 ± 0.2 nm. Comparing deff and RG shows deff to be in the range expected for 
non-charged hard spheres for which 2RG ≈ deff is valid. The extrapolation of S(q) toward vanishing  
q-values is illustrated in Fig. 60 and the corresponding results concerning S(0) are provided in Tab. 10. 





















Fig. 61: Linearised SANS-intensities I0(q) of the CMS-particles dispersed in toluene D-8. The solid red line 
corresponds to the linear fit according to the Guinier-formula (14). 
Variation of the scattering contrast 
Further insight into the spatial structure of the CMS-nanoparticles in a non-polar environment is 
gained by contrast variation experiments. Therefore, mixtures of toluene (C6H5CH3)
 and its 
deuterated analogon toluene D-8 (C6D5CD3) were used as dispersions media. The hereby accessible 
scattering length density ranges from bm = 0.935·10
10 cm-2 for hydrogenated toluene to 
bm = 5.662·10
10 cm-2 for toluene D-8. The scattering intensities of the CMS-molecules dispersed in 
mixtures containing different amounts of the deuterated toluene are provided in Fig. 62. These were  
 
Tab. 11: Overview on the contrast variation experiments in non-polar media and the results corresponding to 
the Guinier-analysis based on equation (14). 
C6H5CH3 : C6D5CD3   bm m RG 







0 : 1 1.00 0.0090 5.66 0.943 5.8 ± 0.3 
12 : 35 1.00 0.0088 4.45 0.922 5.8 ± 0.2 
7 : 43 0.99 0.0088 5.00 0.932 5.5 ± 0.2 
23 : 18 1.00 0.0086 3.00 0.898 5.8 ± 0.2 
99 : 29 0.99 0.0084 2.00 0.881 5.8 ± 0.4 
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Fig. 62: SANS-intensities from contrast variation experiments with CMS-molecules dispersed in non-polar 
media. The scattering intensities are normalised by volume fraction. (contrast media –
C6H5CH3 : C6D5CD3 = 1 : 0 – black squares, 12 : 35 – red circles, 7 : 43 – green triangles, 23 : 18 – cyan 
diamonds, 99 : 29 – blue triangles). The inset displays the Guinier-plot of the linearised scattering intensities. 
The solid lines correspond to linear fits using equation (14). 

































Fig. 63: Forward scattering intensities I(q → 0) as a function of the scattering length density of the dispersion 
medium bm according to equation (27). 
obtained by the subtraction of the scattering contribution of the corresponding dispersion media 
employing equation (51). Here, also S(q) as determined from the analysis of the concentration series 
was considered. The relevant parameters of the investigated dispersions are provided in Tab. 11, 
which includes the results from the Guinier-analysis by equation (14). The corresponding linearised 
scattering intensities at vanishing q-vectors are illustrated by the inset of Fig. 62. The values of the 
forward scattering intensities determined from this procedure were used for the calculation of bp, as 
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well as for the extrapolation of the respective average particle volume by equation (27). The 
correlation employing I(q → 0) as a function of bm is displayed in Fig. 63. Hence, an average particle 
volume of VP = 161 ± 1 nm
3 was determined and the corresponding value of bP was extrapolated with 
bP = 0.50 ± 0.01·10
10 cm-2. This value is not covered by the accessible SLD-range from mixtures of 
toluene and toluene D-8.  
The average particle scattering length density leads to the scattering contrast b, which furthermore 
allows the calculation of the molecular weight to be Mw = 96.7 ± 8.0 kg mol
-1. The following 
assumption was based on the molecular parameters of the hyperbranched scaffold molecule (refer 
to chapter 6.2.1) and the attached di-block segments. The hPG carries in average 134 hydroxyl-
groups, which could be functionalised in the following steps of the synthesis (refer to section 6.2.1.1). 
The molecular weight of the CMS-molecules of approximately 97 kg mol-1 is obtained for an entire 
functionalised hPG with C18-mPEG7 blocks, each having a molecular weight of approximately 
Mw shell ≈ 620 g mol
-1. This finding is in contrast to the prediction from the synthesis protocol as only 
70 % of the functional groups are supposed to be reactive for further coupling reactions (refer to 
section 5.1.3.). The theoretical molecular weight of the CMS particles is 69.4 kg mol-1. 
The scattering intensities with respect to the individual scattering contrasts b as illustrated in  
Fig. 64. The plot demonstrates that the variation of the scattering contrast does not lead to a 
significant variation of the scattering intensities in the low-q region. Notwithstanding, for values of 
the scattering vector above 0.3 nm-1 the scattering intensities diversify significantly. The overall 
shape of the particles, which correlates with the respective scattering at small q-values therefore 
appears independent from contrast variation.  
The radius of gyration at infinite contrast RG∞ is a direct measure for the particle dimensions. By 
employing the Stuhrmann-relation provided by equation (29) RG∞ and the quantity  were extracted 
to be RG∞ = 6.1 ± 0.3 nm































Fig. 64: Scattering intensities from contrast variation series in non-polar environment normalised by the 
scattering contrast b and the volume fraction The respective colour and symbol code refers to Fig. 62. 
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Fig. 65: Stuhrmann-plot: Guinier-radius RG as a function of the scattering contrast b. The solid line 
represents the fit corresponding to equation (29). 
distribution of the scattering length density within the CMS-particles. Therefore, there is no distinct 
evidence for a core-shell structure. Spatial inhomogeneity only contributes for smaller length scales 
probed beyond 1 nm-1. The particle dimension determined from the Stuhrmann-relation is almost in 
the range of RG obtained from the Guinier-analysis of the concentration series in D2O. Furthermore, 
the calculated RG is in the range of the hydrodynamic radius determined by DLS (refer to section 
6.2.2.1) [204].  
Further insight into the spatial structure can be gained by employing the contrast decomposition 
procedure provided by equation (23). For selected q-values, the results of the parabolic fit algorithm 
are illustrated in Fig. 66. Here, especially the low-q region is suitable, as described in this procedure. 
Nevertheless, for q > 1.5 nm-1 the fit becomes less distinct. The normalised scattering intensities 
corresponding to the particle shape IS(q) are represented by the open symbols in Fig. 67. Modelling 
IS(q) with common geometrical bodies did not lead to a sufficient matching. For comparison the 
shape function found for fourth-generation dendrimers was tested on Is(q) with respect to the 
molecular key parameters VP and RG∞ [106,107]. For these regular branched structures, the particle 
shape function could be described by a Gaussian over the entire q-range. As demonstrated by the 
dashed green line in Fig. 67, this approach could not describe Is(q) found for the CMS-particles. The 
best fit was obtained using the fractal concept [205,206,215]. Thus, the solid red line in Fig. 67 
represents the fractal approach provided by equation (62). The fractal dimension was determined 
with Df = 3 according to the characteristic slope of the scattering intensities. The corresponding 
particle dimension was calculated with RG-fractal = 6.1 ± 0.2 nm, which is in good agreement with the 
results from the analysis of the Guinier-regime. The fractal dimension indicates a space filling 
structure with a corresponding rough surface and which thus correlates with the poor solvent 
conditions. Furthermore, this is supposed to be accompanied by a backfold of the outermost polar 
PEO segments towards the polar hPG-core due to their limited miscibility in the non-polar 
surrounding. The folding of the bridging alkyl segments can be discussed in the same way as done for  
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Fig. 66: Scattering intensities for selected q-values as a function of b. The solid lines represent the results of 






















Fig. 67: Scattering intensities corresponding to the shape term IS(q) arising from a single particle as obtained 
from the contrast decomposition of the scattering intensities at varying scattering contrasts by equation 
(23). The solid line represents the best fit according to the fractal approach [207]. For comparison, the shape 
function found for dendrimers (dashed green line) was calculated with the extracted molecular key 
parameters of VP and RG∞ [106,107]. 
alkyl chains in polymers forming narrow loops by just a few monomer units [176]. Moreover, the high 
degree of functionalisation additionally contributes to the space filling of the architecture. In 
conclusion, the small and compact structure together with a hydrophobic interphase, which results 
from the backfold of the attached chains is a favourable conformation for the interactions with non-
polar domains and evidence for the universal solubility of the CMS molecules.  
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The scattering intensities deriving from the particle inner structure II(q) and the corresponding cross-
term ISI(q) are displayed by Fig. 68. The contribution of II(q) reveals the expected decrease towards 
smaller q-values, as it does not contribute to the particle shape essentially, confirming that the 
decomposition procedure is sensitive. The scattering intensities of II(q) could not be correlated to 
distinct structural features of the CMS-structure. This nNotwithstanding, the contribution is 
supposed to arise from the hPG scaffold microstructure, but also from the attached co-bloc polymer. 
Here, the isotropic distribution of the hydrogen on short length scales is correlating with the 


















































Fig. 68: Scattering intensities of the inner-term II(q) (red squares) and cross-term ISI(q) (black circles) as 
obtained by the contrast decomposition procedure. 
Aqueous CMS-nanoparticle dispersions 
For the application of the CMS-nanoparticles as a drug delivery platform, their spatial structure in 
aqueous media is of particular interest. Therefore, the structural characteristics of the CMS-
molecules in polar media were a focal point using the analysis of a contrast variation series by SANS. 
Hence, five different mixtures of H2O and D2O with a corresponding bm of  
6.36 1010 cm-2 < bm < 0.30 10
10 cm-2 were utilised to tune the scattering contrast to the dispersed 
CMS-molecules. The background corrected volume fraction normalised scattering intensities are 
illustrated in Fig. 69.  
The influence of S(q) on the scattering intensities for polar CMS-nanoparticle dispersions could not 
be analysed in more detail. From complementary SAXS-analyses of concentration series, no distinct 
trend in the evolution of the scattering intensities with varied particle volume fraction could be 
verified. Thus, the extrapolation of the intensities at infinite dilution I0(q) could not be accomplished 
with the needed accuracy. This issue is discussed in more detail in section 6.2.2.4. Due to the 
observations made by SAXS, the concentration dependence was not probed by SANS. 
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Fig. 69: SANS-intensities normalised by  from the contrast variation series of CMS-nanoparticles dispersed 
in mixtures of H2O and D2O (contrast medium – D2O : H2O = 1 : 0 – black squares, 1 : 1 – cyan 
diamonds, 13 : 90 – red circles, 1 : 3 – blue down-triangles, and 3 : 13 – green up-triangles). 

























Fig. 70: Guinier-plot: Linearised forward scattering intensities from the contrast variation series of CMS-
nanocarriers dispersed in aqueous medium. The respective fits of equation (14) are represented by the solid 
lines. The colour and symbol code is taken from Fig. 69. 
The values of RG and respective I(q → 0) were obtained from the analysis of the linearised scattering 
intensities at low q-values by equation (14), which is illustrated in Fig. 70. The results and the details 
of the measured dispersions are provided in Tab. 12. The determination of the average particle 
volume VP and the corresponding average scattering length density bm of the CMS-particles in polar 
dispersions was done according to equation (27). The correlation illustrated in Fig. 71 revealed 
VP = 1260 ± 100 nm
3 and bP = 0.61 ± 0.11 cm
-2. The particle volume determined hereby is by eightfold 
higher, just as it is the case for the CMS-structures in non-polar media. This results from the  
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Tab. 12: Overview on sample composition for the contrast variation series of CMS-nanoparticles with 
mixtures of H2O and D2O. The results from the Guinier-analysis are additionally tabulated. 
H2O : D2O   bm m RG 







0:1 0.97 0.0096 6.36 1.1044 10.1 ± 0.3 
1:1 0.91 0.0087 3.00 1.0535 9.2 ± 0.4 
3:1 0.84 0.0078 1.08 1.0247 10.5 ± 0.7 
13:3 0.92 0.0085 0.71 1.0190 9.2 ± 4.0 
90:13 1.08 0.0099 0.30 1.0129 9.1 ± 0.9 

































Fig. 71: Square root-plot: Volume fraction normalised forward scattering intensities I0(q→0) as a function of 
the scattering length density of the dispersion medium bm. 
formation of non-permanent aggregates by individual CMS-unimers. The general tendency to form 
respective associates was already observed and discussed for the diluted samples analysed by means 
of cryo-TEM (refer to chapter 6.2.2.2). Hereinafter, bP was used for the calculation of the individual 
scattering contrasts b. The corresponding scattering intensities considering b2 and  as shown in 
Fig. 72 reveal the influence of the scattering contrast on the small angle scattering. At low q-values 
the scattering intensities appear less influenced by the variation of bm and can be ascribed to the 
scattering contribution arising from the shape of the structure. With variation of the scattering 
contrast the inner structure is accessible, whose scattering contribution reveals a distinct 
dependence on b. Thus, the internal structure appears to contain small compartments by which the 
hydrophilic regions are separated from each other (Fig. 76). A distinct core-shell structure of the 
CMS-particles can be ruled out. 
The overall particle dimensions provided by RG∞ were extrapolated from the Stuhrmann-relation 
using equation (29) which is illustrated in Fig. 73. From the respective linear regression RG∞ could be  
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Fig. 72: SANS-intensities from contrast variation series of the CMS-particles in aqueous media normalised by 
b
2
 and The colour and symbol code is adapted from Fig. 69. 


















Fig. 73: Stuhrmann-plot: Dependence of the radius of gyration RG on the contrast b. The solid line shows the 
linear fit according to equation (29). 
extracted to be RG∞ = 10.1 ± 0.5 nm. These particle dimensions can be addressed to the formation of 
loose aggregates as the CMS-unimers are expected to be smaller from respective analysis of cryo-
TEM micrographs (refer to section 6.2.2.2) and the dynamic light scattering (see section 6.2.2.1). The 
value of  provided by the intercept of the Stuhrmann-relation reveals  = (-0.58 ± 1.07) 10-4. This 
value reveals no distinct tendency for the distribution of the scattering length density within the 
probed structure. The dashed lines provided in Fig. 73 accentuate the contrast inversion obtained 
due to the variation of bm. 
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Fig. 74: Scattering intensity assigned to IS(q) of the CMS-molecules dispersed in aqueous media as obtained 
from contrast decomposition according to equation (23). The solid red line represents the best fit a prolate 
ellipse referring to the formation aggregates by individual unimers. The dashed green line represents the fit 
















































Fig. 75: Scattering intensities from contrast decomposition according to the contribution of the inner –term 
II(q) (open red squares) and the cross term ISI(q) (open black dots). 
The scattering intensities obtained from the different scattering contrasts served for the 
decomposition according to formula (23). The scattering intensities corresponding to IS(q) are 
provided by the open symbols in Fig. 74. These were modelled with common geometrical bodies with 
respect to the model independent parameter extracted from the Guinier-regime. The dashed green 
line in Fig. 74 represents the fit according to a sphere having a mean radius of Rsphere = 5.4 ± 0.9 nm 
These dimensions are in the range of the dimensions obtained for the CMS-unimers by cryo TEM 
(refer to section 6.2.2.2). Nevertheless, this approach did not lead to a sufficient congruence of the  
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Fig. 76: CMS-nanoparticles dispersed in aqueous surrounding represented by patchy colloids forming non-
permanent associates. 
scattering intensities as especially the scattering intensities in the low-q region deviate significantly. 
This is a further evidence for the suggested formation of aggregates by individual CMS-unimers. The 
scattering intensities calculated for a prolate-spheroid, revealing the shape of the aggregated CMS-
nanoparticles, is provided by the solid red line in Fig. 74 [189,190]. This approach could describe the 
respective small angle scattering most accurately. The major axis of the ellipsoid was calculated to be 
Rmajor = 12.6 ± 6.3 nm and the two minor axis with Rminor = 5.0 nm. These dimensions refer to a 
particle volume of VP = 1260 ± 100 nm
3. The scattering intensities of II(q) and ISI(q) are provided in Fig. 
75. 
In contrast to the suggested core-shell structure of the CMS-particles, which is schematically 
illustrated in Fig. 4, the hydrophobic domains form patches located on the surface of the hydrophilic 
cores. The hydrophilic PEO-chains stay well dissolved in the aqueous phase. As illustrated in Fig. 76 
the single CMS-molecules can be assumed as patchy colloids that show a strong tendency for 
association upon increasing their concentration. Thus, in the investigated concentration range 
approximately eight CMS-unimers aggregate due to the contacts of the hydrophobic patches, while 
the aggregates are stabilised by a layer of PEO-chains. Nevertheless, the CMS-nanotransporter and 
their respective associates are in a size range that is highly suitable for the in vitro transport of drug 
molecules, cellular uptake, and skin penetration [52,200]. 
 
6.2.2.4. Small Angle X-ray Scattering – SAXS 
The small angle X-ray scattering of the CMS-nanoparticles was studied at the ASAXS instrument at 
the BESSY-II in Berlin and at the ID02 beam line at the ESRF in Grenoble. The analysis of the X-ray 
scattering was supposed to support the findings from neutron scattering and additionally enlarge the 
accessible set of information on the CMS-nanoparticles from an improved data quality due to the 
enhanced detection statistics.  
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Influence of the dispersion medium 
As deduced from the analyses by SANS, the polarity of the surrounding medium plays an important 
role in the spatial structure of the probed molecules. The SAXS-intensities of the CMS-nanoparticles 
in polar and non-polar media are shown in Fig. 77. Herein, the scattering intensities of CMS-particles 
dispersed in water display the characteristic q-dependence that was found by neutron scattering as 
well. The characteristic minimum located at approximately q ≈ 1.2 nm-1 was not resolved by neutron 
scattering at the highest scattering contrast in pure D2O (refer to section 6.2.2.3). The scattering of 
the CMS-particles in non-polar toluene reveals a similar q-dependence as it was observed by 





















Fig. 77: SAXS-intensities obtained from CMS-nanoparticles dispersed in toluene (red open circles) and in 
water (blue open squares) measured at the BESSY-II ASAXS-beamline. 
Influence of the concentration 
A concentration series was analysed for the determination of the influences deriving from the CMS-
particle concentration in aqueous media. For this purpose, five concentrations of the polymer in the 
range between 0.1 wt% <  < 1 wt% were investigated (Fig. 78). Higher volume fractions were not 
tested, as these samples tend to be turbid. For all tested concentrations, the characteristic small 
angle scattering was preserved. Only for the lowest scattering vectors a variation of the scattering 
intensities was observed. As illustrated by the inset of Fig. 78, the investigated samples show no 
distinct trend in the evolution of the scattering intensities at small q-vectors. Usually, the 
concentration dependence is used for the extrapolation of the scattering intensities at infinite 
volume fractions I0(q). For the investigated concentration series this could not be realised with the 
needed accuracy. Thus, S(q) could not be provided for further interpretation of the X-ray data. As 
already outlined, the analysis of the neutron scattering could not benefit from these investigations 
either (refer to chapter 6.2.2.3). The limited q-range of the experimental setup at the BESSY-II in 
Berlin does not allow analyses of q < 0.1 nm-1. Moreover, the data quality at smallest scattering 
angles and with decreasing polymer volume fraction had to be taken into consideration. 
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Fig. 78: Volume fraction normalised scattering intensities of CMS-molecules dispersed in H2O from a 
concentration series in the range between 0.1 wt% <  < 1 wt% measured at the BESSY-II ASAXS beam line. 
The inset displays the magnification of the respective low-q regime.  
Variation of the scattering contrast 
The CMS-molecules were studied in aqueous media by SAXS in conjunction with contrast variation. 
Herein, sucrose was used as contrast agent for increasing the scattering length densities of the 
dispersion media bm. The bm-range is extended by using the disaccharide in contrast to the 





















Fig. 79: SAXS-intensities normalised by  obtained from a contrast variation series with CMS-nanoparticles 
using sucrose as contrast agent (sucrose: 0 wt% – black squares, 4.6 wt% – red circles, 8.4 wt% – green up 
triangles, and 13 wt% – blue down triangles). The series was measured at the ID02 beam line. 
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Fig. 80: Guinier-plot of the linearised SAXS-intensities. The colours and symbols are adapted from Fig. 79. The 
linear regressions represent the fits using the Guinier-equation (14). 
Tab. 13: Overview on the sample composition of a contrast variation series with CMS-nanoparticles. The 
analysis of the SAXS scattering intensities at vanishing scattering angles from the Guinier-equation (14) is 

















0 1.1 0.0099 9.42 0.9970 8.5 ± 0.1 
4.6 1.0 0.0093 9.55 1.0164 8.8 ± 0.2 
8.4 1.0 0.0093 9.68 1.0315 10.1 ± 0.1 
13.0 1.2 0.0110 9.84 1.0503 10.4 ± 0.1 
Respectively, polymer dispersions were prepared with approximate weight fractions of  ≈ 1 wt%. 
The dispersion in neat water and three samples having a sugar content of 4.6 wt%, 8.4 wt%, and 
13 wt% tune bm in the range of 9.42·10
10 cm-2 < bm < 9.84·10
10 cm-2 (Tab. 13). The background 
corrected scattering intensities are plotted in Fig. 79. In comparison to the accessible bm-range for 
neutron scattering, the bm-range probed by X-ray scattering is relatively narrow.  
The radius of gyration and the forward scattering intensities for the contrast variation series were 
determined from the scattering intensities at vanishing scattering angles using the Guinier-equation 
(14). The respective linearised scattering intensities are illustrated in Fig. 80, whereas the results 
from the Guinier-analysis are tabulated in Tab. 13. From the dependence between I(q → 0) and bm 
the corresponding VP and bp were determined from the correlation provided by equation (27), as 
illustrated in Fig. 81. This approach reveals bP to be bP = 10.17 ± 0.49·10
10 cm-2 and VP was 
extrapolated with VP = 4800 ± 120 nm
3. This value is significantly higher than the volume determined 
by neutron scattering (refer to chapter 6.2.2.3). This observation must be explained by the formation 
of non-permanent associates of up to 30 CMS-unimers.  
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Fig. 81: Square root-plot: I(q→0) normalised by  as a function of bm. 




















Fig. 82: Stuhrmann-plot: The radius of gyration scales with the scattering contrast and allows the 
determination of RG∞ at infinite contrast. 
The determination of bP enables the calculation of the individual scattering contrasts b of the 
particles to their respective surroundings. These values serve for the analysis of the Stuhrmann-
relation provided by equation (29) as this is illustrated in Fig. 82. The radius of gyration at infinite 
contrast is RG∞ = 8.0 ± 0.4 nm. This value is smaller as the Guinier-radii determined from dispersion 
with higher sugar contents, but smaller as the value determined by neutron scattering, where an 
association of the CMS-particles was concluded. Moreover, it is in the range of RH determined from 
diluted dispersions by respective DLS measurements. The quantity  being a measure for the 
electron distribution was determined from the relation provided in formula (29) to be  
 = (7.6 ± 1.8)·10-4. This indicates an increased electron density at the particles periphery [187]. On 
the one hand, this can arise from the outermost polar PEO-segments carrying certain amounts of 
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oxygen (Fig. 2). On the other hand, this can be associated with an increased amount of the contrast 
agent adsorbed at the particle surface. Therefore, the presence of the polar contrast agent can 
initialise the well-behaved association of individual CMS-nanoparticles. A further treatment of the 
scattering data by means of contrast decomposition appeared less meaningful for these reasons. 
Conclusively, the analysis presented reveals that contrast variation using low-molecular contrast 
agents acting as mediator for the formation of supramolecular aggregates is not suitable to probe 
the structural characteristics of individual CMS-nanoparticles by SAXS in more detail. 
Temperature dependent behaviour 
As already discussed, with respect to the light scattering experiments in chapter 6.2.2.1, a significant 
temperature trend of the hydrodynamic radii was found in the temperature range between 
25 °C < T < 60 °C. A similar observation was made in the analysis of thermostated dispersions by cryo-
TEM as discussed in 6.2.2.2. Due to this, the finding was checked using X-ray scattering experiments.  
For this purpose, a CMS- nanoparticle dispersion having a weight fraction of approximately  ≈ 1 wt% 
was slowly tempered to seven discrete temperatures and equilibrated for 30 minutes before 
measuring the SAXS-intensities (Fig. 83). The scattering contribution of the dispersion medium, which 
was measured under equivalent conditions was subtracted carefully using equation (51). The 
comparison of the scattering intensities recorded at different temperatures shows distinct 
differences above 50 °C. The fluctuations of the scattering intensities in the high  
q-sector appear more dominant and thus correlate with temperature induced internal motions. It 
was not possible to probe q-vectors of q < 0.1 nm-1, which could reveal further evidence for the 
formation of larger structures as this was suggested by DLS and cryo-TEM measurements. The 
analysis of the scattering at low q-values using the Guinier-relation provided by (14) displays a 
temperature dependent change of RG provided in the inset of Fig. 83. Here, the values of RG drop 











































Fig. 83: SAXS-intensities of CMS-molecules dispersed in H2O from a temperature series between 25 °C and 
60 °C. Inset: RG as function of T determined by the analysis of the Guinier-regime by equation (14). 
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Fig. 84: Scattering intensities of CMS-nanoparticles dispersed in toluene from a temperature series between 
25 °C < T < 60 °C. Inset: RG calculated by equation (14) as a function of T. 
dependent size trend is in agreement with the general findings from DLS measurements. This 
notwithstanding, the DLS measurements revealed the increase of RH above a critical temperature at 
around 45 °C. For poly(ethylene oxide) a lower critical solution temperature is observed being a 
function of the molecular weight and molecular architecture [220,221,222,223,224,225,226]. For 
polymers carrying oligomeric side chains, a lower LCST is observed [227,228]. The decreasing 
miscibility of the mPEG at increased temperatures thus induces the formation of supramolecular 
aggregates. 
Temperature dependence was also tested for non-polar dispersions of the CMS-particles. For that 
purpose CMS-molecules dispersed in toluene ( ≈ 1 wt%) were prepared and measured using the 
same protocol as for the aqueous samples. The measured scattering intensities corrected from the 
contribution of the scattering background employing equation (51) are illustrated in Fig. 84. The 
function of RG and T determined from the small angle regime by formula (14) is provided in the inset 
of Fig. 84. Compared to the aqueous dispersions, a less distinctive size trend was observed for the 
non-polar dispersions. A minor deviation was obtained for temperatures above 45 °C. Here, the 
values of RG decrease from approximately 5.2 nm to 4.8 nm. This would correlate with a slight 
contraction of the CMS-nanoparticles. In the high-q expansion, a more prominent variation of the 
scattering intensities is observed for the higher temperatures. This correlates with the enhanced 
internal motion of the microscopic structure with increasing temperatures.  
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7. Summary and Conclusion 
A combination of complementary methods was applied to conduct detailed structural investigations 
on different types of nanoparticles. Additionally, small angle scattering analyses were applied as a 
highly suitable probe to explore structural aspects on the nanometre length scale. The additional 
variation of the scattering contrast by modifying the composition of the dispersion medium revealed 
a detailed insight into the structural characteristics of the investigated nanoparticles.  
The polymerisation of ethylene in aqueous emulsions using a catalytic active nickel-based complex 
led to the formation of highly ordered polyethylene nanocrystallites having virtually no branches 
along the polymer backbone. The detailed analysis by the combination of cryo-TEM and SAXS using 
contrast variation reveals the formation of platelet-like nanoparticles. The single lamella crystallites 
are topped by thin amorphous domains on each side and a stabilising layer containing adsorbed 
surfactant molecules and polyethylene glycol. Investigations using TOF-SANS confirmed the structure 
of these nanoplatelets. The microstructure of the crystalline domain was investigated by respective 
WAXS measurements. Hence, the high degree of crystallinity found by SAXS could be verified by the 
quantitative analysis of the wide angle diffraction. Furthermore, the analysis revealed a fraction of PE 
in its monoclinic crystal modification. So far, this was not observed for PE-nanoparticles composed of 
average molecular weight PE and without applying mechanical strain.  
The lamella thickening due to an annealing of the nanocrystals could be concluded from SAXS 
measurements of annealed PE-nanoparticle dispersions. The microstructural changes of the 
crystallites were followed by accompanying WAXS measurements. With respect to the annealing at 
moderate temperatures, a constant thickness of the amorphous layers was observed, while the 
thickness of the crystalline lamella increased. This was discussed in the context of the “pulley 
mechanism”, as the amorphous domain hosts the chain fold and the consequent adjacent re-entry of 
the polymer chains into the crystalline phase. Here, the amorphous layers act like a wheel in a pulley 
leading to a redirection of the chains. This allows a free diffusion of the chains during the thickening 
of the lamella towards the thermodynamical equilibrium. This mechanism additionally benefits from 
the absence of chain branches. Moreover, the crystallisation at 10 °C occurs to be faster than the 
chain growth. The growing chain is directly embedded into the crystal growth front. In turn, this 
minimises the formation of domains of lower order as for instance chain entanglements leading to 
high order nanocrystallites. The native PE-nanoparticles being virtually free of defects and disorder 
can thus be discussed in terms of ideal polymer crystals.  
Another aspect of interest is the influence of defects on the crystallisation of polymers and on the 
formation of nanoparticles. Nanoparticles composed of PE with a precise microstructure were 
obtained from an ADMET emulsion polymerisation forming semi-crystalline nanoparticles. The 
embodied polymer carries a single methyl group at every 21st carbon along the polymer chain. The 
nanoparticle morphology was analysed by means of electron microscopy and complementary SAXS 
measurements in a contrast variation series. During the evaluation of the scattering data, the 
presence of free micelles formed by the stabilising surfactant molecules had to be taken into 
consideration. The particles reveal a core-shell architecture with an oblate-like overall shape, where 
the crystalline phase is embedded in a voluminous amorphous matrix. This was related to the 
presence of the methyl branches that hinders the well-behaved redirection of the polymer chain 
towards the crystalline phase and thus leads to the formation of loops and entanglements. 
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Furthermore, the crystalline character was analysed by diffraction techniques Thus, a monoclinic 
arrangement of the polymer chain with a low packing density within the unit cells was identified. This 
was related to the incorporation of a defect plane formed by the precisely placed methyl groups into 
the crystalline lattice.  
The analyses of a core-multishell architecture based on hyperbranched polyglycerol (hPG) were the 
second major topic discussed in here. These molecules solubilise polar and non-polar organic 
structures in various solvents. Therefore, these molecules are a promising system for drug delivery 
applications. Hence, the hyperbranched scaffold being the major building block of the core-multishell 
(CMS) molecules became the focus of structural investigations by respective TOF-SANS 
measurements. The small angle scattering of the hPG was analysed with respect to recent 
approaches describing the structural details of hyperbranched molecules. Thus, this issue was 
discussed in the context of the fractal approach with respect to the scattering contribution of the 
molecular microstructure. The analysis revealed essential parameters for the further investigations 
on the structure of the CMS-nanoparticles.  
The spatial structure of the CMS-molecules composed of the hPG-scaffold structure and attached di-
block shell was investigated by small angle scattering in conjunction with contrast variation in polar 
and non-polar dispersions. To study these issues in detail, neutron and X-ray scattering were used as 
complementary probes. The differences of the characteristic small angle scattering obtained from 
aqueous and non-polar dispersions underline the suggestions of crucial structural changes in the 
spatial structure of the CMS-nanoparticles dispersed in media of different polarity. The general 
structure of the CMS-molecules in non-polar surroundings was discussed in terms of the fractal 
approach. The analysis revealed a compact space filling structure due to the poor solvent conditions. 
The suggested backfold of the outermost polar segments towards the hPG-core and the high degree 
of functionalisation of the CMS-molecules does support this aspect. For the CMS-particles dispersed 
in polar surroundings, the molecular parameter and the modelling of the decomposed scattering 
contributions corroborate the formation of well-defined aggregates by the CMS-unimers. The overall 
spatial structure was fitted best by a prolate ellipsoid model. The observed small angle scattering 
could not be related to common core-shell structures. Hereby, the local demixing of the hydrophobic 
segments leads to hydrophobic patches on the surface of the hPG-core that mediate the formation 
of the associates. The analysis of the SAXS contrast variation series, with dispersions containing sugar 
to tune the scattering contrast, revealed the formation of aggregates by the CMS-molecules 
mediated by sugar molecules. The investigations of the small angle scattering were additionally 
accompanied by DLS measurements of diluted CMS-particle dispersions. In aqueous dispersions, a 
temperature-dependent size trend was obtained by a precise heating procedure. Above a certain 
critical temperature, the formation of superstructures of the CMS-unimers, well-defined in terms of 
size, was observed. This trend was verified by the analysis of cryo-TEM. The results discussed herein 
emphasise that the CMS-particles are well-suited for cellular uptake and skin penetration. 
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8. Perspectives 
This discussion pursued only some of the issues of recent polymer science and thus might be the 
basis for further investigations. For instance, the progress in the development of the investigated 
polymer systems will open access to a deeper understanding of those innovative structures. 
Moreover, future applications will benefit from the results obtained by following the pathways 
presented for detailed investigations using a set of complementary techniques.  
In addition to the academic progress, the ideal nanocrystals will find their way to further 
applications. The preparation of ideal crystals led to nanoparticles with tuneable properties. The 
thermally induced variation of the particle thickness might be applied for the preparation of layered 
materials with a well-behaved thermal response. Therefore, the utilisation in optical or electronic 
devices is considered relevant. Recent investigations revealed that crystal engineering can be 
achieved by preparation of ideal polymers by catalytic emulsion polymerisation. Nevertheless, 
further refinements of these processes must be taken into account for an upscale towards industrial 
scales. 
The influence of branches on the polymer arrangement will be an aspect of further research using 
the nanoparticle approach. Refinements of the synthesis routine and the utilisation of various 
branched monomers will lead to new generations of nanoparticles with precise microstructure. In 
contrast to studies using respective bulk materials, the analyses should benefit significantly from the 
almost isolated crystalline phase. The combination of different techniques can be considered an ideal 
approach to test the properties of those polymer crystals. With respect to this, the stabilisation of 
the investigated dispersions is of particular importance. Indeed, this aspect should not induce 
disturbing side effects (refer to chapter 6.1.2). Nanoparticles carrying carboxylic moieties [50] were 
also tested by SAXS measurements. These dispersions were observed to be less stable under the 
provided experimental conditions. For this reason, the stability of these dispersions should be 
improved, as this type of polymer, with precisely placed carboxylic groups, is of particular interest for 
further investigations. Hence, a useful variance of SAXS is the anomalous small angle X-ray scattering 
(ASAXS) technique [5,118,229,230,231]. Varying the photon energy near to the absorption edge of 
metal ions or respective atoms of higher order will open up insight concerning the spatial distribution 
of the functional groups within the investigated structure. A simple ion exchange, with rubidium, for 
instance, will yield a breakthrough in the discussion. 
Additionally, the presented investigation revealed further insight into the characteristic structure of 
hyperbranched molecules. The deepened understanding of this kind of architecture is of particular 
importance, as this type of molecule is more easily accessible by one-step synthesis. This is in 
contrast to the complex synthesis of regular dendrimers offering similar properties [70,72]. The 
structural investigations on the core-shell architecture of hyperbranched polyglycerol using a set of 
complementary techniques were the first of their kind. In addition, the analyses employed recent 
approaches to model the characteristic small angle scattering and thus reveal the structural 
characteristics of the hyperbranched architectures. The recent models sufficiently describe the 
scattering of the hyperbranched scaffold molecules. That notwithstanding, this approach could not 
completely be adapted to describe the molecules with attached di-block segments representing the 
CMS-nanoparticles. Hence, this approach needs further refinement as, for instance, the scattering 
contribution of the hydrophobic patches and thus the scattering in the high-q sector could not be 
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described in detail. The aggregation in aqueous media might be addressed in succeeding studies as 
this aspect imped the analysis of individual CMS-unimers. Using different polar media can reduce the 
tendency to form superstructures. Further investigation might be possible using modification of the 
CMS-structure itself. Thus, the partial deuteration of specific segments of the CMS-molecules reveals 
further improvements for investigations by neutron scattering. A partially deuterated CMS-molecule 
carrying deuterated terminal methyl groups was already synthesised and measured by SANS, but was 
not an object of the discussion herein presented. The partially deuterated molecules were seen as a 
helpful tool to study the chain conformation of the CMS-structure and to give insight into the 
structural changes during a heat treatment or during the embedding of guest molecules. Previous 
studies predicted the encapsulation of guest molecules by the formation of supramolecular 
aggregates [58,59,61]. For a more detailed clarification of this issue, the synthesis of deuterium 
labelled molecules might be a topic for investigation. These molecules ought to resemble recent 
active agents. The first reports on the encapsulation properties of the CMS-molecules employed 
common dye molecules. These are readily available and can furthermore be tracked using common 
lab analytics. For this reason, deuterated dye molecules can provide a suitable probe for testing their 
respective encapsulation by the CMS-molecules performing further SANS measurements. Moreover, 
these molecules can be used for other neutron diffraction methods. Here, the interactions of the 
CMS-particles with membrane tissues might be a focal topic as well.  
The temperature dependent behaviour of the CMS-nanoparticles was not focused upon to date. 
Forming well-defined and narrowly distributed secondary structures by a mild increase of the 
temperature can play an interesting role in further studies.  
The final goal in the development of new CMS-structures is to create CMS-nanoparticles acting as 
responsive drug delivery systems. Trigger signals such as temperature, pH or electromagnetic fields 
can be used to induce structural changes within the CMS-particles. For instance, a controlled break-
away of shells leads to the release of drugs at the site of action. The ideas of stimulated drug release 
were recently reviewed by Fleige et al. [52].  
Another application of the CMS-particles is the preparation and stabilisation of noble metal 
nanoparticles acting as catalysts [65,66,67,68,69]. The process guiding the metal nanoparticles 
formation and the influence of the CMS-structure was a focal point of investigations to date. Thus, 
the comparison to other systems used for catalysis by metal nanoparticles might be of particular 
interest [232,233,234]. Probing the spatial distribution of the nanoparticles and respective precursor 
ions within the CMS-molecules ASAXS measurements is considered a suitable technique.  
The discussion herein presented demonstrates that using complementary methods concerning the 
understanding of structural characteristics ruling the encapsulation and transport mechanism or the 
preparation of catalytic active nanoparticles is promising. Moreover, the results presented in this 
discussion will support new approaches in the synthetic work. Thus, further investigations following 
this path are highly recommended.  
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Abbreviations 
ADMET acyclic diene metathesis 
AFM atomic force microscopy 
ASAXS anomalous small angle X-ray scattering 
CAC critical aggregation concentration 
CCD charge-coupled device 
CD cadmium reference 
CMS core-multishell 
cryo-TEM cryogenic transmission electron microscopy 
DDLS depolarised dynamic light scattering 
DLS dynamic light scattering 
DSC differential scanning calorimetry 
DTAC dodecyltrimethylammonium chloride 
EB empty beam 
EC empty cell 
ESRF European Synchrotron Radiation Facility, Grenoble (France). 
EPR electron paramagnetic resonance 
GPC gel permeation chromatography 
hPG hyperbranched polyglycerol 
ILL Institut Laue-Langevin, Grenoble (France). 
LS light scattering 
LogNorm logarithmic normal (distribution) 
MD molecular dynamics 
mPEG monomethyl polyethylene oxide 
PE polyethylene 
PEG polyethylene glycol 
PSI Paul Scherrer Institute, Villigen (Switzerland) 
rpm rounds per minute 
SANS small angle neutron scattering 
SAS small angle scattering 
SAXS small angle X-ray scattering 
SDS sodium dodecylsulfate  
SEAD selected area electron diffraction 
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SLS static light scattering 
TEM transmission electron microscopy 
TOF time of flight 
TPPTS 3,3′,3′′-Phosphinidynetris(benzenesulfonic acid) trisodium salt 
UHMW-PE ultra high molecular weight polyethylene 
vdW van der Waals 
VSANS very small angle neutron scattering 
WAXD wide angle X-ray diffraction 
WAXS wide angle X-ray scattering 
 
Formula symbols 
A scaling constant 
A(q) amplitude of scattered wave 
b scattering length density 
b m scattering length density of the medium 
b p average scattering length density of the analyst 
bi scattering length 
Beff effective bond length 
a fraction of the amorphous phase 
c fraction of the crystalline phase 
coh coherent 
d distance of the planar crystal plane 
D dispersity index 
D* dendritic structure unit 
 phase difference 
DB degree of branching 
DPn degree of polymerisation by number 
 b scattering contrast 
Ekin kinetic energy 
 volume fraction 
i phase shift of chopper i 
f functionality 
F(q) form factor 
 relaxation rate 
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g(r) pair correlation function 
h Planck-constant 
h(r / ) cut-off function 
incoh incoherent 
I(q → 0) forward scattering intensity 
II(q) scattering intensity corresponding to the inner term 
IS(q) scattering intensity corresponding to the shape term 
ISI(q) scattering intensity corresponding to the cross term 
 phase shift 
K scattering constant 
K* scaling constant 
 wavelength 
L length 
L* linear structure unit 
m  mass 
mP proton mass 
mn neutron mass 
Mn number averaged molecular weight 
Mw weight averaged molecular weight 
 velocity 
i chopper rotation frequency 
N particle number 
p momentum 
q scattering vector 
 scattering angle 
 mass density 
R radius 
Re  Thompson-radius of the electron 
RG radius of gyration 
RH Hydrodynamic radius 
RHS hard sphere radius 
(r) radial scattering length density distribution 
si distance to the pulse source 
 cross section 
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Log-Norm standard deviation of LogNorm distribution 
 surface free energy of folded polymer chains 
S(q) structure factor 
t time 
 time frame of choppers in open state 
T temperature 
T* terminal structure unit 
T(r) shape function 
T() transmission as a function of the wavelength 
Tc crystallisation temperature 
Tm melting temperature 

mT  equilibrium melting temperature of infinite sized crystals 
v velocity 
V scattering volume 
Vm  molar volume 
VP particle volume 
 weight fraction 
 solid angle 
 correlation length 
Z atomic number 
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Appendix 
1) Scattering of X-rays and Neutrons 
The scattering of neutrons and X-rays is similar in many ways. This is why theoretical concepts and 
experimental techniques can be used for neutron and X-ray scattering in an equivalent way. 
Notwithstanding, there are differences between the probes that make neutron and X-ray scattering 
complementary techniques and therefore powerful tools, enlarging the spectrum of information in 
the analysis of soft matter issues. One of the major differences is that the scattering of X-rays takes 
place at the atoms electronic shell, whereas the scattering of neutrons results from interactions 
between the neutrons and the atoms nuclei. 
1 - a) Scattering of X-rays 
X-rays used for soft matter analysis cover wavelengths of the electromagnetic spectrum between 
0.5 Å <  < 2.5 Å. Wavelengths of around 1 Å are favoured as they represent the same order of 
magnitude as it is typical for interatomic distances in soft condensed matter [114].  
The scattering of X-rays is phenomenon taking place at the electron shell of atoms. The electron 
cloud around the atoms nuclei follows a radial density distribution which is quantified by the atomic 
scattering factor f(q): 







rrqf 24   (65) 
The radial distribution e(r) for different atoms is calculated by quantum mechanics and is tabulated 
in relevant literature [235]. For the small angle regime f(q) only scales with the atomic number Z 
[114].  
The quantitative evaluation of X-ray scattering is described by the Thompson equation describing the 










  (66) 
Here, Re is the classical electron or Thompson radius with Re = 2.818 10
-15 m and  is the scattering 
angle. This relation is also valid for bounded electrons. For this case the Compton contribution, 
describing the inelastic scattering, arises in addition to the elastic scattering. This additional term can 
be neglected for the small angle scattering [3]. The factor (1+cos2 2 / 2) in equation (66) is known as 
the polarisation factor and becomes unity at small scattering angles as well. This leads to an 
expression that again only depends on the number of electrons of the atom and thus on the atomic 
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water H2O 0.997 9.420 
glucose C6H12O6 1.540 16.247 
sucrose C12H22O11 1.587 14.319 
glycerine C3H8O3 1.261 11.619 
toluene C6H5CH3 0.862 6.988 
The individual scattering length density b in this case can be calculated from the sample composition 









  (68) 
For contrast variation purpose in X-ray scattering the scattering length density of the dispersions 
medium bm can be adjusted by the addition of contrast agents. Sugars and glycerine carrying a large 
number of oxygen in their molecular structure are commonly used for the increase of bm [5,118]. The 
scattering length densities of some agents are listed in Tab. S 1. 
The photon energies used for soft matter analysis are mostly apart from the corresponding X-ray 
adsorption edges of atoms in organic structures. Nevertheless, a variation of the photon energies can 
be useful for the analysis of the interactions of metal nanoparticles and respective precursor ions 
with organic molecules by small angle scattering. For this purpose an additional anomalous scattering 
factor fa(E, q) arising from the anomalous dispersion around the specific adsorption edges of an 
element and thus depends on the characteristic adsorption cross section a [237]. The method taking 
advantage of this relation is known as anomalous small angle scattering - ASAXS [5,118,229,230,231]. 
1 - b) Scattering of neutrons 
Neutrons are uncharged particles with a mass of mp = 1.674 10
-27 kg and a spin of ½ related to their 
magnetic moment. Their kinetic energy Ekin and momentum p are defined by their velocity The 
source of neutrons for science in the classical way is the nuclear fission reaction of uranium 235U 
taking place in a nuclear reactor [114]. Nevertheless, spallation sources gained more importance 
during recent years [114]. Here the release of neutrons follows the bombardment of a heavy metal 
target by accelerated high energy protons. As target material lead is commonly used. In both cases 
the generated neutrons a have high velocity and therefore a corresponding small de Broglie 
wavelength of around  = 0.7 Å (T = 3000 K, ‘hot neutrons’). For this reason, they are used for 
analysis of hard matter issues. For most of the issues arising from the analysis of soft matter the 
neutrons have to be moderated. In the so called cold source filled with liquid deuterium at 25 K the 
neutrons slow down by repeated collision with the moderator to corresponding wavelength of 
around  = 6 Å. The kinetic energy of neutrons is the range of several meV whereas the energy of  
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Tab. S 2: Overview on scattering length b and respective scattering cross sections  for coherent (coh) and 
incoherent contributions (incoh) of selected isotopes for neutron scattering. For comparison the scattering 
length corresponding to X-ray scattering in the small angle regime and to the K- radiation ( = 1.541 Å ) are 
listed [238]. 
 
















H 1 -0.374 1.76 79.9 0.28 
2
D 1 0.667 5.59 2.04 0.28 
12
C 6 0.665 5.55 0.001 1.69 
16
O 8 0.580 4.23 0 2.25 
26
Al 13 0.345 1.495 0.008 3.65 
28
Si 14 0.415 2.16 0.015 3.93 
56
Fe 26 0.994 12.42 0 7.29 
Tab. S 3: Overview on applied agents for the contrast variation experiments using neutrons. Here, b 
represents the scattering length density and  is the mass density. 
 









water H2O 0.9974 -0.561 
deuterium oxide D2O 1.1044 6.358 
toluene C6H5CH3 0.8623 0.935 
toluene D-8 C6D5CD3 0.943 5.662 
X-rays is in the range of some keV. Therefore, it is possible to probe atomic movements in matter by 
neutron scattering in an inelastic scattering experiments [118].Another advantage of neutrons is 
their magnetic moment, that allows them to interact with magnetic structures. 
An overview on the scattering lengths and the contributions of coherent and incoherent scattering 
cross sections of different isotopes are given in Tab. S 2. The values of b corresponding to the K- 
radiation are given additionally. These values take into account the approximation being valid for 
small angle scattering. 
The values of b can be calculated as already discussed for X-rays from the samples composition and 








  (69) 
Soft matter science takes advantage of the significant difference of the coherent scattering cross 
section of hydrogen and deuterium. A contrast can either be generated by the utilization of mixtures 
of deuterated and non-deuterated solvents or by specific deuteration of the analyst. An overview on 
the corresponding scattering length densities of agents, which were used in the contrast variation 
series are given in Tab. S 3.  
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1 - c) Consideration of the incoherent scattering contribution 
To consider the contribution arising from the incoherent scattered radiation, equation (13) in the 
main text has to be completed to the following:  
incohPP IV )q(S )q(FbV)q(I  
2
 (70) 
Herein, Iincoh represents the incoherent scattering intensity. This value is significant for the probed 
species as it depends on its molecular composition. For most issues in soft matter science the 
contribution of incoherently scattered X-rays is vanishing small and is thus neglected. However, in 
neutron scattering the incoherent scattering cross sections incoh for different isotopes varies and has 
to be considered. For selected examples the respective incoh are given in Tab. S 2. The major share of 
the incoherent scattered radiation arises due to the incoh of hydrogen. The individual contribution of 
Iincoh could either be calculated from a known sample composition, or as this contribution is 
independent of the variation of bit can also be determined from a contrast variation series. The 
magnitude of Iincoh can be estimated from plots of the forward scattering intensity I(q → 0) as a 
function of bm [239].  
Apart from that the incoherent scattering of hydrogen is exploited for the absolute calibration of the 
scattering intensities and for the determination of the detectors sensitivity. Here, often water or 
Plexiglas are used as reference materials [118,132] 
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2) Analysis of polyethylene nanoparticles by SAXS using contrast variation 
The SAXS measurements performed with dispersions of crystalline polyethylene nanoparticles (6.1.1) 
were supplemented by measurements using an analytical ultra-centrifuge.  












Fig. S 1: Analytical ultra-centrifugation measurement of PE-nanoparticles dispersed in D2O (black line). The 
measurements were realised at 60˙000rpm rotor speed using interference detection.
1
  
The measured hydrodynamic particle dimensions show a bimodal distribution with a major peak at 
RH ≈ 5.4 nm and minor one at RH ≈ 8.4 nm. This observation was used for the bimodal distribution 
used for the calculation of the scattering intensities measured with the contrast variation series of 
the PE-nanoparticles.  
                                                          
1
 The measurements were performed in the group of Prof. Coelfen from the University of Konstanz. 
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3) Analysis of hyperbranched Polyglycerol by 1H and 13C-NMR 
The microstructural analysis of the hyperbranched polyglycerol scaffold was one by analysis of the 1H 
and 13C NMR-spectra following the procedure given by Sunder [138]. 
 
 
Fig. S 2: 
13
C-NMR spectrum (CD3OD) of hyperbranched polyglycerol obtained by anionic polycondensation 
using 1, 1, 1-Trimethylolpropane (TMP) for initiation. The inset shows the integrated spectra of the 
hyperbranched segmental units for the determination of the DB and averaged DPn.
2
 
                                                          
2
 The measurement data were provided by AG Haag from Free University of Berlin. 
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Fig. S 3: Integrated 
1
H-NMR spectrum of hPG measured in methanol D4- 
1H-NMR (250 MHz): δ (ppm) = 4.00 – 3.20 (m, hPG backbone), 1.35 (q, -CH2-CH3, TMP-core), 0.90 (t, -
CH2-CH3, TMP-core). 
13C-NMR (175 MHz): δ (ppm) = 82.0 – 81.0 (PG backbone, L13-units), 80.5 – 79.5 
(hPG backbone, D-units), 74.5 – 73.5 (hPG backbone, L14 units), 73.5 – 72.0 (hPG backbone, T/D-
units), 72.0 – 70.5 (hPG backbone, L13/ L14-units), 65.0 – 64.0 (hPG backbone, T-units), 63.5 – 62.0 
(hPG backbone, L13-units), 44.7 (CH3-CH2-C-(CH3OH)3, TMP-core), 23.7 (CH3-CH2-C-(CH3OH)3, TMP-
core), 8.2 (CH3-CH2-C-(CH3OH)3, TMP-core). 
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4) Alternative Particle Scattering Factor of hyperbranched molecules3 
The scattering intensities of the hyperbranched polyglycerol were evaluated employing the approach 
recently reported by Burchard [91]. It takes advantage of fundamental principles from polymer 
statistics and is thus based on the early work of Flory predicting molecular parameters for branched 










wDP  (71) 
The factor  is accessible by solving the parabolic equation (71) using DPw as discussed in section 
6.2.1.2. This value is related to the probability of the reaction of either one of the f groups of an ABf 
monomer and was calculated to be  = 0.92099. 
The theory of cascade processes introduced by Gordon [241] was successfully applied by Burchard to 
the growth of hyperbranched polymers [85,86]. The illustration in Fig. 85 displays the treelike growth 
of AB2-units emanating from two different initial generations to form the hyperbranched 
architecture. The reaction probability of either one of the functional groups A and B is given by the 
parameters and . Hence,  depicts the probability that B reacts with A and  for the reaction of B 
with A to form the new generation Gn. Herein, the reaction of A and B of the same unit is not 
allowed. For an ideal growth  =  / 2 holds.  
 
Fig. 85: Principle of the growth of a hyperbranched scaffold by an AB2-unit based on the concept of cascade 
processes by Gordon [85]. The respective probabilities for the formation of the next generation Gn are given 
by  and .  
                                                          
3
 The discussion is based on: Burchard, W., et al.; Macromolecules, 2012; 45; 3177-3187 and further private 
communications with Prof. Walther Burchard and Dr. Albena Lederer during a meeting at the Leibniz-Institute 
of Polymer Research on 11
th
 January 2013, which should be gratefully acknowledged here.  
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These fundamental principles furthermore supplied the development of the particle scattering factor 






















































This correlation displays the decomposition into contributions related to the growth of the linear 
segments and to those correlating with the growth of the branched structure. The linear segments 
yield from the limited reaction probability of the functional groups of the monomers as already 
suggested by the scheme displayed in Fig. 41. Furthermore, it becomes obvious from this correlation 
that the contribution correlating with the branching increases more with  than the contribution 
related to the linear segments. For this reason the polycondensates of ABf-monomers are structural 
























  (73) 
Herein, the interference between neighbouring units is given by (q, beff), whereas beff depicts the 
effective bond length. The individual scattering units are thus simplified to invariant structural 
elements, whose spatial correlation is given by the respective particle scattering factor. This principle 
was furthermore applied for computing the spatial structure of dendritic architectures [242,243]. 













Fig. 86: Particle scattering factor for hPG dispersed in D2O and probed by TOF-SANS. The dashed green line 
represents the fit according to equation (74) related to the global spatial structure of hyperbranched 
polycondensates. The solid red line corresponds to the fit using equation (72) considering the contribution of 
the segmental microstructure of the hyperbranched scaffold.  
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RqqF  (74) 
Here, the global dimension is given by the respective radius of gyration RG-br. This correlation 
describes the normalised scattering intensities displayed in Fig. 86 at low q-values but shows 
significant deviation in the high-q regime. Similar observation where reported by de Luca and co-
worker [88]. Here, RG-br = 2.75 nm was applied for the calculation of the scattering intensities, which 
is in the range of the Guinier-radius determined from the analysis of I0(q). The deviation in the high q-
sector results from the contribution of the segmental microstructure in particular. A good agreement 
to the particle scattering factor over the total probed q-range was obtained using equation (72) and 
is represented by the solid red line in Fig. 86. The calculation employs an effective bond length of 
beff = 0.9 nm, which is in the range expected for the monomer units of the polyglycerol.  
The SAXS-intensities were fitted by equation (72) employing an effective bond length of beff = 0.8 nm, 












Fig. 87: Particle scattering factor form experimental data of hPG dissolved in H2O and measured by SAXS. The 
solid red line refers to the fit according to the approach given by equation (72). 
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5) Alternative Approach for the Analysis of the Small Angle Scattering of 
CMS-nanoparticles4 
To describe the scattering intensities of the CMS-structures it is meaningful to adapt the approach 
for hyperbranched molecules given by Burchard. 
For this reason the model for hyperbranched polymers can be extended for attached chains to yield: 
 
 

































qFDPw  (75) 
Here, the first two parts of the equation are related to the hyperbranched core-molecule, whereas 
the second two terms are associated with the attached segments. For this reason * is related to the 
structural units, that are subsequently attached to the central molecule by derivatisation of free 
functional groups. Two cases can be considered for the CMS-molecules. The first case describes the 









































  (76) 
The degree of polymerisation, or in other word the number of monomer units within the linear chain, 
is given by n. The effective bond length of the monomer unit of the attached chain is bchain. The 
second term in equation (76) is restricted for small values of q bchain, which is related to the 
interference of the segmental units over the total length of the chain.  This yields for small q-values 
*chain (q = 0 ) = n, whereas for the branched scaffold (q = 0 ) = 1 is obtained. 
The suggested backfold of chain segments towards the hyperbranched core can be correlated to 
respective ring formation. Thus, for the chain segments * can be written as follows: 







*  (77) 









  (78) 
The theoretical description of the ring formation embodies the Dawson-integral D: 




22 expexp  (79) 
                                                          
4
 The discussion is based on the private communication with Prof. Walther Burchard of 29
th
 April 2013 




 April 2013.  
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nDPDPDP shellwcorewshellcorew  (80) 
Considering the interferences of the neighbouring segments  (q, beff) thus yields equation (75).  
Notwithstanding, this general approach does not consider contrast aspects that are given from the 
different composition of the segments within the core-shell architecture. This aspect has to be 
considered in a further discussion. 
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